A smart urban energy prediction system to support energy planning in the residential sector by Chalal, ML
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 
 
List of Publications 
 
 
I. MENDOZA, M., MEDJDOUB, B., CHALAL, M.L. and SUDRA, J., 2017. Documentation of Félix 
Candela’s Jamaica Market hypar shells in Mexico City. In: A. BÖGLE and M. GROHMANN, eds., 
Proceedings of IASS 2017: Interfaces - Architecture. Engineering. Science. HafenCity University 
Hamburg, Hamburg, Germany, 25-28 September 2017. Madrid: International Association for 
Shell and Spatial Structures. 
 
II. BENACHIR, M., CHALAL, M.L., 2017. Impact of household transitions on domestic energy 
consumption and its applicability to urban energy planning [J]. Front. Eng, 2017, 4(2): 171-183. 
information Modelling, 5(4), pp.39-53. 
 
III. Chalal, M. and Benachir, M., 2017. Powerful Predictions. [ebook] London, UK: The Energy 
Industry Times. Available from: 
http://www.academia.edu/31795101/THE_ENERGY_INDUSTRY_TIMES_-MARCH_2017 [Accessed 
1 Aug. 2017]. 
 
IV. Chalal, M.L., Benachir, M., White, M., Shahtahmassebi, G., Cumberbatch, M. and Shrahily, R., 
2017. The impact of the UK household life-cycle transitions on the electricity and gas usage 
patterns. Renewable and Sustainable Energy Reviews, 80, pp.505-518. 
 
V. Shrahily, R.Y., Medjdoub, B., Klalib, H.A. and Chalal, M.L., 2016. Construction Site Communication 
Study Using the RAM Management System for BIM Adaptation. International Journal of 3-D I 
Benachir  
 
VI. Chalal, M.L., Benachir, M., White, M. and Shrahily, R., 2016. Energy planning and forecasting 
approaches for supporting physical improvement strategies in the building sector: A 
review. Renewable and Sustainable Energy Reviews, 64, pp.761-776. 
 
VII. Shrahily, R., Medjdoub, B., Kashyap, M. and Chalal, M., 2015. Communication framework to 
support more effective onsite construction monitoring. Building Information Modelling (BIM) in 
Design, Construction and Operations. 
VIII. Chalal, M.L. and Balbo, R., 2014. Framing digital tools and techniques in built heritage 3D 
modelling: the problem of level of detail in a simplified environment. The International Journal of 
the Constructed Environment, 4(2), pp.39-52. 
 
4 
 
List of Contents 
 
List of Publications ......................................................................................... 3 
i. Abstract .................................................................................................. 26 
ii. Acknowledgement .................................................................................. 28 
 
Chapter 1 
1.  Background and Motivation ................................................................... 30 
1.1 Background .................................................................................................................. 31 
1.2 The problem and its context ...................................................................................... 32 
1.3 Aim and Objectives ..................................................................................................... 36 
1.4 Justification and significance ..................................................................................... 37 
1.5 Original contribution to knowledge ......................................................................... 39 
1.6 Structure of the thesis ................................................................................................. 40 
 
Chapter 2 
2 Energy planning approaches for supporting physical strategies ......... 43 
2.1 Introduction ................................................................................................................. 44 
2.2 Existing and proposed classifications ...................................................................... 44 
2.3 Building scale approaches ......................................................................................... 47 
2.3.1 Engineering methods .......................................................................................... 47 
2.3.2 Artificial intelligence approaches ..................................................................... 73 
2.3.3 Hybrid methods .................................................................................................. 82 
2.4 Urban scale (bottom –up) approaches ..................................................................... 87 
2.4.1 2D GIS based urban energy planning and forecasting models .................... 87 
2.4.2 CityGML (3DGIS) urban energy planning and forecasting models ............ 91 
2.4.3 Bottom up statistical methods ......................................................................... 108 
2.5 Conclusion ................................................................................................................. 111 
 
Chapter 3 
5 
 
3 Energy planning approaches for supporting techno-socio-economic 
measures ..................................................................................................... 116 
3.1 Introduction ............................................................................................................... 117 
3.2 Existing classifications and chapter structure ....................................................... 118 
3.3 Aggregated model .................................................................................................... 119 
3.3.1 Macro-econometric models ............................................................................. 119 
3.3.2 Technological models ....................................................................................... 120 
3.3.3 Factors affecting aggregated residential energy consumption ................... 120 
3.3.4 Structure and prediction process of top-down models ............................... 128 
3.3.5 Relevant examples ............................................................................................ 129 
3.3.6 Advantages of Top-down approaches ........................................................... 134 
3.3.7 Weaknesses of Top-down approaches ........................................................... 134 
3.4 Disaggregated approaches ....................................................................................... 135 
3.4.1 Micro socio-economic model ........................................................................... 135 
3.4.2 Household Archetyping (segmentation) approaches .................................. 142 
3.4.3 Advantages of disaggregated approaches..................................................... 149 
3.4.4 Limitations of disaggregated approaches...................................................... 150 
3.5 Conclusion ................................................................................................................. 150 
 
Chapter 4 
4 Research Methodology ......................................................................... 154 
4.1 Introduction ............................................................................................................... 155 
4.2 Chapter structure ...................................................................................................... 155 
4.3 Philosophical position of the research ................................................................... 156 
4.4 Methodology rationale ............................................................................................. 161 
4.5 rationale for research methods ................................................................................ 164 
4.6 Research design ......................................................................................................... 166 
4.7 Practical implementation ......................................................................................... 167 
4.7.1 Phase 0 ................................................................................................................ 167 
4.7.2 Phase 1 ................................................................................................................ 176 
4.7.3 Phase 2 ................................................................................................................ 178 
4.7.4 Phase 3 ................................................................................................................ 182 
         4.7.5        Phase 4………………………………………………………………………….164 
6 
 
4.8 Validity and reliability of the research methods .................................................. 187 
4.9 Ethical issues .............................................................................................................. 188 
4.10 Conclusion ................................................................................................................. 189 
 
Chapter 5 
5 Socio-economic and demographic factors affecting household 
transitions ................................................................................................... 190 
5.1 Introduction ............................................................................................................... 191 
5.2 Chapter structure ...................................................................................................... 191 
5.3 The British household panel data survey classification of households ............. 192 
5.4 Single non-elderly households transition patterns from 1991 to 2008 .............. 194 
5.5 Socio-economic and demographic factors affecting household transitions ..... 196 
5.5.1 Transition to single non-elderly households ................................................. 196 
5.5.2 Transition to couple without children households ...................................... 203 
5.5.3 Transition to lone parent households ............................................................. 213 
5.5.4 Transition to couple with children households ............................................ 222 
5.6 Conclusion ................................................................................................................. 231 
 
Chapter 6 
6 The impact of household transitions on domestic energy usage 
patterns ....................................................................................................... 233 
6.1 Introduction ............................................................................................................... 234 
6.2 The impact of household transitions on their annual energy consumption ..... 234 
6.2.1 The effect of transition to single non-elderly households ........................... 234 
6.2.2 The effect of transition to couple without children ...................................... 237 
6.2.3 The effect of transition to lone parent households ....................................... 239 
6.2.4 The effect of transition to couple with children households....................... 242 
6.3 Electricity consumption prediction model ............................................................ 245 
6.4 Conclusion ................................................................................................................. 257 
 
 
Chapter 7 
7 
 
7 Analysis of the pilot area and the initial development of its 3D urban 
energy prediction tool ................................................................................. 259 
7.1 Introduction ............................................................................................................... 260 
7.2 Chapter structure ...................................................................................................... 260 
7.3 Selection process of the pilot area ........................................................................... 261 
7.4 Demographic and socio-economic characteristics of the Sneinton area ........... 263 
7.4.1 Location and brief history ................................................................................ 263 
7.4.2 Gender and age distribution in Sneinton....................................................... 264 
7.4.3 Marital status ..................................................................................................... 266 
7.4.4 Ethnic background ............................................................................................ 268 
7.4.5 Household type ................................................................................................. 269 
7.4.6 Types of dwelling and housing tenure .......................................................... 270 
7.4.7 Dwelling Typologies ......................................................................................... 272 
7.4.8 Economic profile ............................................................................................... 275 
7.4.9 Qualifications and socio-economic classes .................................................... 276 
7.5 Development of the urban 3D semantic model .................................................... 277 
7.5.1 Ordnance survey(OS) data retrieval ............................................................... 279 
7.5.2 Filtering, cleaning, and compiling of OS data ............................................... 282 
7.5.3 CityGML modelling .......................................................................................... 284 
7.5.4 Exporting the 3D model to CityGML file format ......................................... 288 
7.6 Conclusion ................................................................................................................. 289 
 
Chapter 8 
8 The development of EvoEnergy: 3d urban energy prediction tool ...... 291 
8.1 Introduction ............................................................................................................... 292 
8.2 The Architecture of EvoEnergy ............................................................................... 292 
8.3 Development of the 3D urban prediction tool (EvoEnergy) ............................... 294 
8.3.1 Cleaning the CityGML model ......................................................................... 295 
8.3.2 Exporting the CityGML model to EvoEnergy .............................................. 295 
8.3.3 Development of a selection tool ...................................................................... 296 
8.3.4 Development of a user-interface ..................................................................... 298 
8.3.5 Integrating household transition and electricity consumption models .... 300 
8.4 Modus operandi of EvoEnergy ............................................................................... 301 
8 
 
8.5 Benchmarking and improvement of EvoEnergy .................................................. 305 
8.5.1 Workshop circumstances ................................................................................. 305 
8.5.2 Findings .............................................................................................................. 306 
8.6 Conclusion ................................................................................................................. 315 
 
Chapter 9 
9 Discussion and conclusion ................................................................... 317 
9.1 summary of the main research findings ................................................................ 318 
9.2 Discussion in relation to existing literature ........................................................... 326 
9.2.1 Discussion in relation to 2D-GIS approaches ................................................ 326 
9.2.2 Discussion in relation to 3D-GIS approaches ................................................ 328 
9.2.3 Discussion in relation to disaggregated techno-socio-economic approaches
 ………………………………………………………………………………….331 
9.3 Strengths of EvoEnergy ............................................................................................ 333 
9.4 Limitations of EvoEnergy ........................................................................................ 343 
9.5 Recommendations for future work ........................................................................ 345 
9.6 Conclusion ................................................................................................................. 346 
 
Appendix  
A. Appendix ..................................................................................................  
A.1. Literature review related appendix ........................................................................ 351 
 Methodology appendix ............................................................................................ 370 
A.2.1 The Embedded design ...................................................................................... 371 
A.2.2 The Explanatory design.................................................................................... 371 
A.2.3 The Exploratory design .................................................................................... 372 
A.2.4 The triangulation design .................................................................................. 373 
A.3. Chapters 5 and 8 appendix ...................................................................................... 378 
A.3.1. Data preparation and screening ........................................................................... 379 
A.3.2  Characteristics of single non-elderly households in the BHPS dataset in 
1991...………………………………………………………………………………………391 
A.3.3 Socio-economic and demographic factors affecting household 
transitions…………………………………………………………………………………403 
 A.3.3.1. Transition to single non-elderly households ................................... 403 
9 
 
 A.3.3.2. Transition to couple without children households ........................ 417 
 A.3.3.3. Transition to Lone parent households ............................................. 431 
 A.3.3.4. Couple with children transitions ...................................................... 446 
A.3.4 Tools and techniques used in developing EvoEnergy ..................................... 460 
 
Bibliography ................................................................................................ 462 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10 
 
List of Figures 
 
Chapter 2 
Figure 2-1.The structure of chapter 2 ....................................................................................... 45 
Figure 2-2.Generic Architecture of energy simulation tools adapted from (Maile, Fischer 
et al. 2007) ..................................................................................................................................... 49 
Figure 2-3. The principle of convective heat transfer ............................................................. 50 
Figure 2-4.The principle of conductive heat transfer ............................................................. 50 
Figure 2-5. Solar gain through fenestration, adopted from (GreenSpec, 2018) .................. 51 
Figure 2-6. Simplified view of heat transfer in a building, adapted from .......................... 53 
Figure 2-7. Typical example of convection in a dwelling, adopted from (GreenSpec, 2018)
 ....................................................................................................................................................... 53 
Figure 2-8.Difference radiation heat sources........................................................................... 57 
Figure 2-9. Heat balance procedures of a typical building, adopted from Krarti (2009) .. 59 
Figure 2-10. Schematic version of Heat balance procedures of a typical building, adopted 
from (Strand et al., 2001) ............................................................................................................ 60 
Figure 2-11. Inside surface heat balance  (Strand et al., 2001) ............................................... 60 
Figure 2-12. Outside surface heat balance  (Strand et al., 2001) ........................................... 60 
Figure 2-13. Zone air heat balance, adopted from (Strand et al., 2001) ............................... 61 
Figure 2-14.Main components and data workflow of building energy simulation tools, 
adopted from (Maile, Fischer et al. 2007) ................................................................................. 64 
Figure 2-15.Showing the conversion of 3D model into thermal model (Maile, Fischer et 
al. 2007) ......................................................................................................................................... 66 
Figure 2-16.Global, direct, diffuse solar irradiance, adopted from (astronavigation, 2015)
 ....................................................................................................................................................... 67 
Figure 2-17.Sun altitude and azimuth, adopted from (astronavigation, 2015) .................. 67 
Figure 2-18.Working principle and information flow of neural network models adopted 
from (Krenker, Kos et al. 2011) .................................................................................................. 73 
Figure 2-19.The structure of Feed-forward (left) and Recurrent artificial neural network 
models (Krenker, Kos et al. 2011). ............................................................................................ 74 
11 
 
Figure 2-20. SVM regression function with slack variables, observed and predicted data 
points (tripod, 2015) .................................................................................................................... 80 
Figure 2-21.The structure of the hybrid energy prediction model developed by (Hygh, 
DeCarolis et al. 2012) .................................................................................................................. 85 
Figure 2-22.Conventional prediction process of 2D GIS based urban energy planning and 
prediction models ....................................................................................................................... 89 
Figure 2-23.CityGML thematic core and ADE modules (Gröger, Plümer 2012)................ 93 
Figure 2-24.Roof and slabs in IFC and CityGML ................................................................... 95 
Figure 2-25.Conventional prediction process of 3DCityGML urban energy forecasting 
models ......................................................................................................................................... 100 
Figure 2-26.The prediction process of the 3D CityGML urban energy forecasting model 
adopted by (Saran, Wate et al. 2015) ...................................................................................... 106 
Figure 2-27. An example of a semantic query showing solar panel installation surface 
areas with the potential of 5MW power generation per annum ........................................ 106 
Figure 2-28.depicts a comparison between the design and real (operational) signature 
models by (Belussi, Danza 2012). It is clear that behaviour of building during the 
operational stage is different from the design one since both curves are not overlapping.
 ..................................................................................................................................................... 109 
Figure 2-29.The modelling framework of the proposed urban energy planning and 
forecasting model ...................................................................................................................... 114 
Figure 3-1. The proposed classification of energy forecasting approaches supporting 
techno-socio-economic measures in the residential sector... Error! Bookmark not defined. 
Figure 3-2.variation in energy consumption in function of GDP per capita in major 
developed countries between 1972 and 2008 adapted from (Reinhart and Rogoff, 2009)
 ..................................................................................................................................................... 121 
 
Chapter 3 
Figure 3-3. The effect of energy price on energy intensity in some developed countries 
between 1990 and 2005, adapted from (EEA, 2013). ............................................................ 123 
Figure 3-4. Domestic energy consumption and the growth of Chinese urban population, 
1990-2012 (EIA, 2012) ................................................................................................................ 124 
12 
 
Figure 3-5.Average energy consumption per dwelling (million British thermal units) in 
relation to the number of housing units ( in millions) in the US between 1980 and 2009 
(EIA, 2012) .................................................................................................................................. 124 
Figure 3-6.The change in the UK residential electricity consumption in relation to the 
increase in the total number of appliances from 1970 to 2015 (BEIS, 2016). ..................... 125 
Figure 3-7. The degree of change in the annual energy consumption (KWh) of three 
appliances namely; washing machine, television, refrigerator, in the UK between 1990 
and 2030 (DECC, 2014a). .......................................................................................................... 125 
Figure 3-8.Structure of the technological model developed by Hirst et al. (1977) ........... 129 
Figure 3-9. Comparison of annual energy consumption values of China with the ones of 
the USA, Canada, and Japan (Zhang, 2004) .......................................................................... 130 
Figure 3-10. Conventional process of building households' energy consumption 
archetypes. ................................................................................................................................. 145 
Figure 3-11.Illustration of clustering process using K-mean algorithm, adopted from 
(Riadi et al., 2013) ...................................................................................................................... 146 
Figure 3-12.Illustration of clustering process using SOM (self-organising maps)  
algorithm, adopted from (IVAP3, 2015) ................................................................................ 146 
Figure 3-13.Employment mode of the household heads, adopted by Beckel et al. (2012)
 ..................................................................................................................................................... 147 
 
Chapter 4 
Figure 4-1.Structure of the methodology chapter ................................................................ 156 
Figure 4-2. The multilevel model (Tashakkori and Teddlie, 2010) .................................... 166 
Figure 4-3. Overall summary of missing data in the BHPS database ................................ 170 
Figure 4-4. Energy unity prices and daily standing charges in pence in the UK from 
(1991-2015).................................................................................................................................. 172 
Figure 4-5.UK domestic energy demand breakdown (DECC, 2012b). .............................. 172 
Figure 4-6. The user interface of "Radius from UK postcode" tool (FreeMapTools, 2017)
 ..................................................................................................................................................... 180 
 
Chapter 5 
13 
 
Figure 5-1.Structure of chapter 5 ............................................................................................. 191 
Figure 5-2.Change in the number of different households in the BHPS dataset between 
1991 and 2008. ............................................................................................................................ 194 
Figure 5-3. The observed transition possibilities of single non-elderly households to 
different family types over 5, 10, and 15 years. .................................................................... 196 
Figure 5-4. The percentage of annual break up rates between couples in function of the 
length of relationship in years (Rosenfeld, 2014).................................................................. 200 
Figure 5-5. The proportion of workless adults across different UK household types 
(ONS, 2015d) .............................................................................................................................. 204 
 
Chapter 6 
Figure 6-1.The average annual labour income of different household types in the BHPS 
panel data survey (1991-2008) ................................................................................................. 242 
Figure 6-2. The average annual electricity usage in KWh per dwelling type (OVOenergy, 
2014) ............................................................................................................................................ 256 
Figure 6-3.Expected annual electricity consumption figures of single non-elderly 
households before and after their transition to different family types in 5 years............ 258 
 
Chapter 7 
Figure 7-1. Structure of chapter 7 ............................................. Error! Bookmark not defined. 
Figure 7-2. Neighbourhoods located within 1 mile of the researcher location, 
Nottingham Trent University. ................................................................................................. 262 
Figure 7-3.Location of the Sneinton area and the surrounding neighbourhood ............. 264 
Figure 7-4.Percentage of males and females in Sneinton and Nottingham city .............. 265 
Figure 7-5.Distribution of age groups in Sneinton, Nottingham, and England ............... 266 
Figure 7-6.Marital status of Sneinton and Nottingham city population aged over 16, 
respectively. ............................................................................................................................... 267 
Figure 7-7.Ethnic profile of the Sneinton area and Nottingham, Correspondingly (census 
2011) ............................................................................................................................................ 268 
Figure 7-8. Distribution of household types in Sneinton and Nottingham city ............... 269 
14 
 
Figure 7-9. Percentage of dwelling types in Sneinton in comparison to Nottingham city
 ..................................................................................................................................................... 271 
Figure 7-10. Tenure type in Sneinton and Nottingham city ............................................... 271 
Figure 7-11. Terraced is the most dominant dwelling type in the Sneinton area ............ 272 
Figure 7-12.Socio-economic profile of Sneinton residents in comparison to Nottingham 
city inhabitants .......................................................................................................................... 275 
Figure 7-13. Sneinton households' level of education in comparison to the one of 
Nottingham city residents. ...................................................................................................... 276 
Figure 7-14. The socio-economic profiles of Sneinton and Nottingham city households.
 ..................................................................................................................................................... 276 
Figure 7-15. strategy of the initial semantic urban energy modelling ............................... 277 
Figure 7-16.Main differences between raster and vector data (Fotheringham and 
Rogerson, 2013) ......................................................................................................................... 280 
Figure 7-17. The main components of Digimaps ordnance survey module. .................... 281 
Figure 7-18. OS master map topography layer before being cleaned with AutoCAD ... 283 
Figure 7-19. A snapshot illustrating the process of merging the topography layer with 
the Building Alpha and OS terrain contour 5 layers in AutoCAD .................................... 283 
Figure 7-20. A Sketchup snapshot showing the imported merged AutoCAD file .......... 285 
Figure 7-21.A Sketchup snapshot showing the process of aligning Sketchup toposurface 
with the ones of the imported model. .................................................................................... 285 
Figure 7-22. Realistic texture mapping using Google Street View and Sketchup ........... 286 
Figure 7-23. CityGML LOD3 modelling principles(SIG3D, 2015)...................................... 287 
Figure 7-24. Snapshots illustrating the different CityGML LOD3 layers of a dwelling 
typology in the pilot area (Sneinton) ...................................................................................... 287 
Figure 7-25. The main tabs of the CityEditor CityGML exporter user-interface ............. 288 
 
Chapter 8 
Figure 8-1.The Architecture of the developed 3D urban energy prediction tool 
(EvoEnergy) ............................................................................................................................... 292 
Figure 8-2.Sketchup FBX export dialogue box ...................................................................... 295 
Figure 8-3. User-interface of Sketchup CleanUp plugin...................................................... 295 
15 
 
Figure 8-4. Illustration of the developed selection tool projecting a red pattern on mouse 
hover ........................................................................................................................................... 296 
Figure 8-5. The C# selection tool script developed by the researcher ............................... 297 
Figure 8-6. The main menu of EvoEnergy ............................................................................. 299 
Figure 8-7. EvoEnergy household transition module (above) and the script related to the 
transitions to single non-elderly households after 1 year (below) ..................................... 300 
Figure 8-8. A snapshot of the 3D model displayed upon launching EvoEnergy............. 302 
Figure 8-9. Once the mouse is hovering over a particular dwelling, the projector will 
project a red selection box to the ground............................................................................... 303 
Figure 8-10. The physical module of EvoEnergy .................................................................. 303 
Figure 8-11. The household energy history EvoEnergy module ........................................ 304 
Figure 8-12. Household life cycle transition and energy prediction module (dwelling 
mode) .......................................................................................................................................... 304 
Figure 8-13. Household life cycle transition and energy prediction module (urban mode)
 ..................................................................................................................................................... 305 
Figure 8-14. An example of a Unity menu with a screen space (camera perspective) 
Canvas ........................................................................................................................................ 314 
Figure 8-15.An example of a Unity menu with a screen space (Overlay) Canvas ........... 314 
 
Chapter 9 
Figure 9-1. Main components of EvoEnergy ......................................................................... 325 
Figure 9-2. Summary of a particular household energy usage and socioeconomic profile 
on mouse hover ......................................................................................................................... 325 
Figure 9-3. Household life cycle transition and energy prediction module (dwelling 
mode) .......................................................................................................................................... 326 
Figure 9-4. The estimated transition and annual electricity usage of household one by 
EvoEnergy .................................................................................................................................. 339 
Figure 9-5.The estimated transition and annual electricity usage of household two by 
EvoEnergy .................................................................................................................................. 339 
Figure 9-6.The estimated transition and annual electricity usage of household three by 
EvoEnergy .................................................................................................................................. 340 
16 
 
 
Appendix A 
Figure A. 1.Carpet-Contour plot showing mean value of HVAC consumption against 
hour of day and month of year adopted by Raftery (2011). ................................................ 353 
Figure A. 2.The energy estimation process adopted by (Jones, Lannon et al. 2001) ....... 356 
Figure A. 3.Expected energy consumption and CO2 emission of Neath Talbot residential 
sector before (a) and after (b) physical measures have been applied. ............................... 357 
Figure A. 4.The energy estimation process adopted by Heiple and Sailor (2008) ........... 357 
Figure A. 5.LOD0 structure (Gröger and Plümer 2012). ..................................................... 360 
Figure A. 6.LOD1 geometric and sematic representation (Gröger and Plümer 2012). ... 360 
Figure A. 7.LOD2 geometric and sematic representation (Gröger and Plümer 2012). ... 361 
Figure A. 8.geometric and sematic representation of LOD3 (Gröger and Plümer 2012) 361 
Figure A. 9.Geometric and sematic representation of LOD4 (Gröger and Plümer 2012)362 
Figure A. 10. Structure and geometric representation of CityGML LOD4 and IfcBuilding
 ..................................................................................................................................................... 364 
Figure A. 11.Building space definition in IFC and CityGML ............................................. 366 
Figure A. 12.Doors and windows in IFC ............................................................................... 367 
Figure A. 13.Door and windows in CityGML....................................................................... 368 
Figure A. 14.Roof and slabs in IFC and CityGML ................................................................ 368 
Figure A. 15.Walls representation in IFC(left) and CityGML(right) ................................. 369 
Figure A. 16.Mixed-methods embedded design, (Creswell, 2013). ................................... 371 
Figure A. 17.The Mixed-methods explanatory design, (Creswell, 2013). ......................... 372 
Figure A. 18.The Mixed-methods exploratory design, (Creswell, 2013). .......................... 373 
Figure A. 19.The convergence model (Tashakkori and Teddlie, 2010) ............................. 374 
Figure A. 20.The transformation model (Tashakkori and Teddlie, 2010) ......................... 375 
Figure A. 21.The validating quantitative (Tashakkori and Teddlie, 2010) ....................... 376 
Figure A. 22.The multilevel model (Tashakkori and Teddlie, 2010).................................. 377 
Figure A. 23.common BHPS wave's folder structure ........................................................... 379 
Figure A. 24.case filtering feature in SPSS ............................................................................. 380 
Figure A. 25.The principle of reshaping panel data structure from wide to long format 
using SPSS .................................................................................................................................. 381 
17 
 
Figure A. 26.The UK average domestic electricity price per unit (KWh) in pounds from 
1991 to 2008. ............................................................................................................................... 381 
Figure A. 27.The UK average domestic gas prices per unit (KWh) in pence from 1991 to 
2015 ............................................................................................................................................. 382 
Figure A. 28.UK domestic energy demand breakdown (DECC, 2012b). .......................... 383 
Figure A. 29.the categorical variable household type before and after being recoded ... 384 
Figure A. 30.the histogram of annual household income before normalisation .............. 386 
Figure A. 31.The histogram of annual household income after normalisation using log 10
 ..................................................................................................................................................... 387 
Figure A. 32.The Q-Q plot of the variable log 10 annual household total income .......... 387 
Figure A. 33.The variable household annual gas consumption before normalisation ... 388 
Figure A. 34.The variable household annual gas consumption before normalisation 
using square root ....................................................................................................................... 388 
Figure A. 35.The Q-Q plot of the variable square root of annual gas consumption........ 389 
Figure A. 36.Whisker and box plot of the variable log 10 household annual electricity 
consumption before cleaning outliers .................................................................................... 389 
Figure A. 37.Whisker and box plot of the variable log 10 household annual electricity 
consumption before cleaning outliers .................................................................................... 390 
Figure A. 38.The Overall summary of missing data in the BHPS database. .................... 390 
Figure A. 39.The proportion of males and females in the BHPS dataset .......................... 391 
Figure A. 40.The marital status distribution of the participants ........................................ 391 
Figure A. 41.Age distribution of the BHPS respondents ..................................................... 392 
Figure A. 42.household income distribution in year 1991 .................................................. 394 
Figure A. 43.Households annual electricity consumption by income band ..................... 395 
Figure A. 44..Households annual gas consumption by income band ............................... 396 
Figure A. 45.The household annual gas consumption by the type of main heating fuel 396 
Figure A. 46. The distribution of education level among the BHPS single non-elderly 
households ................................................................................................................................. 398 
Figure A. 47. The distribution of single non-elderly BHPS households by socio-economic 
class ............................................................................................................................................. 399 
Figure A. 48. The distribution of BHPS households dwelling types ................................. 400 
18 
 
Figure A. 49.The dwelling size of the studied BHPS households ...................................... 401 
Figure A. 50. The distribution of the studied BHPS households by dwelling tenure ..... 402 
Figure A. 51. Illustrates the change in the mean annual income of single non-elderly 
household in the BHPS database between 1991 and 2008. .................................................. 405 
Figure A. 52.The percentage of annual break up rates between couples in function of the 
length of relationship in years (Rosenfeld, 2014).................................................................. 407 
Figure A. 53. illustrates the socio-economic class profile of different working UK 
household types (ONS, 2015d). ............................................................................................... 411 
Figure A. 54. Illustrates the relationship between the length of marriage and divorce 
occurrence (ONS, 2013b) .......................................................................................................... 439 
Figure A. 55.The unity canvas tab (left) and rect transform tab (right) ............................ 460 
Figure A. 56.Unity UI Button tab (left) and its script on the right ..................................... 461 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
19 
 
List of Tables 
 
 
Chapter 2 
Table 2-1.Classification of different energy predictions approaches in previous reviews46 
Table 2-2.Classification of building energy simulation tools in some important reviews 47 
Table 2-3. Example of sensible and latent heat gains by level of activity, retrieved from 
(ASHRAE, 1997) .......................................................................................................................... 56 
Table 2-4.The radiation and load factors of some domestic appliances, adopted from.... 58 
Table 2-5.shows the different types of calibration and provides some examples of each 
category. ....................................................................................................................................... 70 
Table 2-6.The applicability of some well-adopted energy simulation tools in the building 
lifecycle ......................................................................................................................................... 71 
Table 2-7.some relevant examples on ANN energy prediction models in the residential 
sector ............................................................................................................................................. 76 
Table 2-8.Possible strategies of hybrid approaches ................................................................ 83 
Table 2-9.Principles, strengths, and weaknesses of existing interoperability approaches 
between IFC and CityGML ........................................................................................................ 94 
Table 2-10.Evaluation of existing IFC to CityGML LOD3 converters ................................. 97 
Table 2-11.Comparison between the accuracy of different CityGML modelling 
procedures Strzalka, Bogdahn et al. 2011) ............................................................................. 102 
Table 2-12.summary of the Energy planning and forecasting approaches for supporting 
physical improvement strategies in the building sector ..................................................... 112 
 
Chapter 3 
Table 3-1.(part 1) energy planning and forecasting approaches supporting the 
development of techno-socio-economic measures ............................................................... 152 
Table 3-2.(part 2) energy planning and forecasting approaches supporting the 
development of techno-socio-economic measures ............................................................... 153 
 
20 
 
Chapter 4 
Table 4-1.Philosophical position of the undertaken research in relation to other positions 
(part1), adapted from (Creswell, 2013) .................................................................................. 157 
Table 4-2.Philosophical position of the undertaken research in relation to other positions 
(part2), adapted from (Creswell, 2013) .................................................................................. 158 
Table 4-3. Existing worldviews with their respective main research methodologies ..... 163 
Table 4-4. The adequate methodologies to address the study research questions based on 
their type .................................................................................................................................... 163 
Table 4-5. Most frequent research methods under the post-positivism and transformative 
paradigms according to Merriam and Tisdell, (2015). ......................................................... 164 
 
Chapter 5 
Table 5-1.Logistic regression transition models to single non-elderly households in the 
next year, five and ten years (part1) ....................................................................................... 197 
Table 5-2.Logistic regression transition models to single non-elderly households in the 
next year, five and ten years (part2) ....................................................................................... 198 
Table 5-3. Logistic regression transition models to couple without children households 
in the next year, five and ten years (part1) ............................................................................ 205 
Table 5-4.Logistic regression transition models to couple without children households in 
the next year, five and ten years (part2) ................................................................................ 206 
Table 5-5.Logistic regression transition models to couple without children households in 
the next year, five and ten years (part3) ................................................................................ 207 
Table 5-6.Logistic regression transition models to couple without children households in 
the next year, five and ten years (part4) ................................................................................ 208 
Table 5-7.Logistic regression transition models to lone parents in the next year, five and 
ten years (part1) ......................................................................................................................... 215 
Table 5-8.Logistic regression transition models to lone parents in the next year, five and 
ten years (part2) ......................................................................................................................... 216 
Table 5-9.Logistic regression transition models to lone parents in the next year, five and 
ten years (part3) ......................................................................................................................... 217 
21 
 
Table 5-10.Logistic regression transition models to lone parents in the next year, five and 
ten years (part4) ......................................................................................................................... 218 
Table 5-11.Logistic regression transition models to couple with children households in 
the next year, five and ten years (part1) ................................................................................ 224 
Table 5-12.Logistic regression transition models to couple with children households in 
the next year, five and ten years (part2) ................................................................................ 225 
Table 5-13.Logistic regression transition models to couple with children households in 
the next year, five and ten years (part3) ................................................................................ 226 
Table 5-14.Logistic regression transition models to couple with children households in 
the next year, five and ten years (part4) ................................................................................ 227 
 
Chapter 6 
Table 6-1. The impact of single non-elderly transitions on the annual gas and electricity 
consumption .............................................................................................................................. 235 
Table 6-2.The impact of couple without children transitions on the annual gas and 
electricity consumption ............................................................................................................ 237 
Table 6-3.The impact of lone parent transitions on the annual gas and electricity 
consumption .............................................................................................................................. 240 
Table 6-4.The impact of couple with children transitions on the annual gas and electricity 
consumption .............................................................................................................................. 243 
Table 6-5.The multiple regression model of the household annual electricity 
consumption (part1) ................................................................................................................. 250 
Table 6-6.The multiple regression model of the household annual electricity 
consumption (part2) ................................................................................................................. 251 
Table 6-7.The multiple regression model of the household annual electricity 
consumption (part3) ................................................................................................................. 252 
Table 6-8.The multiple regression model of the household annual electricity 
consumption (part4) ................................................................................................................. 253 
Table 6-9.The multiple regression model of the household annual electricity 
consumption (part5) ................................................................................................................. 254 
22 
 
Table 6-10.The multiple regression model of the household annual electricity 
consumption (part6) ................................................................................................................. 255 
Table 6-11.The multiple regression model of the household annual electricity 
consumption (part7) ................................................................................................................. 256 
 
Chapter 7 
Table 7-1. Summary of most suitable areas based on their location and availability of 
related data ................................................................................................................................ 263 
Table 7-2. Distribution and basic physical characteristics of existing typologies in the 
Sneinton area ............................................................................................................................. 274 
Table 7-3. Export file formats offered by Digimaps and their supporting software 
packages. .................................................................................................................................... 282 
 
Chapter 9 
Table 9-1. Summary of common factors affecting transitions to single non-elderly 
household ................................................................................................................................... 319 
Table 9-2.Summary of common key factors affecting transitions to couple without 
children households.................................................................................................................. 320 
Table 9-3.Summary of common key factors impacting the transitions to couple with 
children households.................................................................................................................. 321 
Table 9-4.Summary of common key factors impacting the transitions to lone parent 
households ................................................................................................................................. 322 
Table 9-5. Summary of the impact of household transitions on electricity and gas 
consumption .............................................................................................................................. 323 
Table 9-6. Summary of the effect of household transitions on their yearly electricity 
consumption .............................................................................................................................. 324 
Table 9-7. Comparison between the actual and estimated annual electricity usage of the 
three households ....................................................................................................................... 335 
Table 9-8.Demographic, socio-economic, and energy related characteristics of household 
number 1..................................................................................................................................... 336 
23 
 
Table 9-9.Demographic, socio-economic, and energy related characteristics of household 
number 2..................................................................................................................................... 337 
Table 9-10.Demographic, socio-economic, and energy related characteristics of 
household number 3 ................................................................................................................. 338 
 
Appendix A 
Table A. 1.Shows the different types of calibration and provides some examples on each 
category. ..................................................................................................................................... 351 
Table A. 2.Reliability and consideration of occupancy factors of (Jones et al. 2001; Heiple, 
and Sailor 2008). ........................................................................................................................ 358 
Table A. 3.Relevant IFC classes that can be transformed to CityGML .............................. 363 
Table A. 4.semantic mapping and transformation steps from IFC to CityGML adopted 
from (El-Mekawy et al., 2011).................................................................................................. 365 
Table A. 5.The frequency table of the variable household type in the BHPS dataset ..... 384 
Table A. 6.households’ yearly electricity consumption in function of their income bands 
(year 1991) .................................................................................................................................. 395 
Table A. 7.outlines the households’ education levels in function of their Goldthorpe 
socio-economic profile .............................................................................................................. 399 
Table A. 8. Highlights the BHPS household tenure modes in function of their dwelling 
types ............................................................................................................................................ 403 
Table A. 9.Logistic regression transition models to single non-elderly households in the 
next 3 and 4 years, (part1) ........................................................................................................ 408 
Table A. 10.Logistic regression transition models to single non-elderly households in the 
next 3 and 4 years, (part2) ........................................................................................................ 409 
Table A. 11.Logistic regression transition models to single non-elderly households in the 
next 6, 7, 8, and 9 years. (part1) ............................................................................................... 415 
Table A. 12.Logistic regression transition models to single non-elderly households in the 
next 6, 7, 8, and 9 years. (part2) ............................................................................................... 416 
Table A. 13. Logistics regression models of transition to couple without children 
households in the next 2, 3, and 4 years (Part1) .................................................................... 421 
24 
 
Table A. 14.Logistics regression models of transition to couple without children 
households in the next 2, 3, and 4 years (Part2) .................................................................... 422 
Table A. 15.Logistics regression models of transition to couple without children 
households in the next 2, 3, and 4 years (Part3) .................................................................... 423 
Table A. 16.Logistics regression models of transition to couple without children 
households in the next 6, 7, 8, and 9 years (Part1) ................................................................ 429 
Table A. 17.Logistics regression models of transition to couple without children 
households in the next 6, 7, 8, and 9 years (Part2) ................................................................ 430 
Table A. 18. The accommodation profile of different UK household types (ONS, 2011b).
 ..................................................................................................................................................... 434 
Table A. 19.Logistics regression models of transition to Lone parent households in the 
next 2, 3, and 4 years (Part1) .................................................................................................... 435 
Table A. 20.Logistics regression models of transition to Lone parent households in the 
next 2, 3, and 4 years (Part2) .................................................................................................... 436 
Table A. 21.Logistics regression models of transition to Lone parent households in the 
next 2, 3, and 4 years (Part3) .................................................................................................... 437 
Table A. 22.Logistics regression models of transition to Lone parent households in the 
next 6, 7, 8, and 9 years (Part1) ................................................................................................ 443 
Table A. 23.Logistics regression models of transition to Lone parent households in the 
next 6, 7, 8, and 9 years (Part2) ................................................................................................ 444 
Table A. 24.Logistics regression models of transition to Lone parent households in the 
next 6, 7, 8, and 9 years (Part3) ................................................................................................ 445 
Table A. 25.Logistics regression models of transition to Couple with children households 
in the next 2, 3, and 4 years (Part1) ......................................................................................... 450 
Table A. 26.Logistics regression models of transition to Couple with children households 
in the next 2, 3, and 4 years (Part2) ......................................................................................... 451 
Table A. 27.Logistics regression models of transition to Couple with children households 
in the next 2, 3, and 4 years (Part3) ......................................................................................... 452 
Table A. 28.Logistics regression models of transition to Couple with children households 
in the next 6, 7, 8, and 9 years (Part1) ..................................................................................... 457 
25 
 
Table A. 29.Logistics regression models of transition to Couple with children households 
in the next 6, 7, 8, and 9 years (Part2) ..................................................................................... 458 
Table A. 30.Logistics regression models of transition to Couple with children households 
in the next 6, 7, 8, and 9 years (Part3) ..................................................................................... 459 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
26 
 
 
27 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
28 
 
 
29 
 
  
1 
  
 
 
 
 
 
 
 
 
 
 
1.1 Background .................................................................................................................. 31 
1.2 The problem and its context ...................................................................................... 32 
1.3 Aim and Objectives ..................................................................................................... 36 
1.4 Justification and significance ..................................................................................... 37 
1.5 Original contribution to knowledge ......................................................................... 39 
1.6 Structure of the thesis ................................................................................................. 40 
 
 
31                                                                                    Background and Motivation 
 
 
 
 
32                                                                                    Background and Motivation 
 
 
 
 
33                                                                                    Background and Motivation 
 
 
 
34                                                                                    Background and Motivation 
 
 
 
35                                                                                    Background and Motivation 
 
 
 
 
 
 
36                                                                                    Background and Motivation 
 
 
 
 
 
 
 
 
 
 
 
37                                                                                    Background and Motivation 
 
 
 
 
38                                                                                    Background and Motivation 
 
 
 
39                                                                                    Background and Motivation 
 
 
 
 
40                                                                                    Background and Motivation 
 
 
 
 
41                                                                                    Background and Motivation 
 
 
 
42                                                                                    Background and Motivation 
 
 
 
 
  
2 
 
 
 
 
 
 
 
 
 
 
2.1 Introduction ................................................................................................................. 44 
2.2 Existing and proposed classifications ...................................................................... 44 
2.3 Building scale approaches ......................................................................................... 47 
2.4 Urban scale (bottom –up) approaches ..................................................................... 87 
2.5 Conclusion ................................................................................................................. 111 
44         Energy planning approaches for supporting physical strategies 
 
 
• 
• 
• 
 
45            Energy planning approaches for supporting physical strategies 
 
 
 
   
 
Figure 2-1.The structure of chapter 2 
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Table 2-1.Classification of different energy predictions approaches in previous reviews 
Authors Classification 
(Swan and Ugursal, 2009) 
• Top Down models 
• Bottom up models: 
• Statistical (regression, Conditional demand analysis, neural 
networks) 
• Engineering methods 
(Zhao and Magoulès, 2012) 
• Engineering methods 
• Statistical methods 
• Artificial intelligence 
• Support vector machine 
• Artificial neural network 
• Grey models (hybrid models) 
(Foucquier et al., 2013) 
• Physical models 
• Statistical methods (regression, artificial neural networks, 
support vector machine) 
• Hybrid models 
(Pedersen, 2007) 
• Statistical approaches/regression analyses 
• Energy simulation programs 
• Intelligent computer systems ( Artificial intelligence) 
(Fumo, 2014) 
• Engineering methods 
• Calibrated  
• Forward(non-calibrated) 
• Statistical approaches 
• Artificial neural networks  
• Support vector machine 
• Regression 
• Hybrid approaches 
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Table 2-2.Classification of building energy simulation tools in some important reviews 
 Classification Criteria of categorisation 
(Zhao, Magoulès 
2012) 
• Simplified 
• Elaborate 
 
• Input requirement 
• Level of complexity  
• Degree of knowledge about thermal 
/physical equations 
• Accuracy of prediction 
 
(Foucquier, Robert 
et al. 2013) 
• CFD tools 
• Single-zone tools 
• Multi-zones tools 
 
• Nature of collected data 
• Degree of knowledge about thermal 
/physical equations 
• Level of complexity  
• Accuracy of prediction 
 
(Maile, Fischer et al. 
2007) 
• One dimensional 
• Two dimensional 
• Three dimensional 
 
• Level of complexity  
• Accuracy of prediction  
• Input requirements 
• Degree of knowledge about thermal 
/physical equations 
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Figure 2-2.Generic Architecture of energy simulation tools adapted from (Maile, Fischer et al. 2007)
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𝑞𝐶𝑜𝑛𝑑 = 𝑈. 𝐴. 𝛥𝑇 Equation 2-1 
𝑞𝐶𝑜𝑛𝑑
𝛥𝑇
. 
 
  
Figure 2-4.The principle of conductive heat transfer 
Figure 2-3. The principle of convective heat 
transfer 
51            Energy planning approaches for supporting physical strategies 
 
 
 
 
 
Figure 2-5. Solar gain through fenestration, adopted from (GreenSpec, 2018) 
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𝑞𝐶𝑜𝑛𝑣 = ℎ𝑐 . 𝐴. 𝛥𝑇 Equation 2-2 
𝑞𝐶𝑜𝑛𝑣
ℎ𝑐 ℎ
Equation 2-3 
𝐴
𝛥𝑇
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Figure 2-6. Simplified view of heat transfer in a building, adapted from
 
Figure 2-7. Typical example of convection in a dwelling, adopted from (GreenSpec, 2018)
Internal 
heat 
sources 
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𝑞𝑉 = 𝐶𝑝. 𝑃. 𝑉. 𝛥𝑇 Equation 2-4 
𝐶𝑝
𝑃
𝑉
𝛥𝑇
𝑞𝑙 =
𝑄𝑝(𝑊𝑖 − 𝑊0)ℎ𝑓𝑔
1000
 
Equation 2-5 
𝑃
ℎ𝑓𝑔
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𝑞 = ε. σ. 𝑇4. 𝐴 Equation 2-6 
ε
σ
𝑇
𝐴
𝑞𝑁𝑒𝑡 = ε. σ. 𝐴. (𝑇
4 − 𝑇0
4) 
= (0.9) (5.67x10-8 W/m2K4) (1.5m2) [(310K)4 – (293K)4] 
=143 W 
Equation 2-7 
𝑞𝑃𝑒𝑜𝑝𝑙𝑒/𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = 𝑁. (𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 ℎ𝑒𝑎𝑡 𝑔𝑎𝑖𝑛 𝑝𝑒𝑟 𝑝𝑒𝑟𝑠𝑜𝑛  ). 𝐶𝐿𝐹 Equation 2-8 
𝑞𝑃𝑒𝑜𝑝𝑙𝑒/Latent = 𝑁. (𝐿𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 𝑝𝑒𝑟 𝑝𝑒𝑟𝑠𝑜𝑛  ) Equation 2-9 
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Table 2-3. Example of sensible and latent heat gains by level of activity, retrieved from (ASHRAE, 1997) 
𝑞𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 = 𝑊. 𝐹𝑢𝑙 . 𝐹𝑠𝑎 Equation 2-10 
𝑞𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔
𝐹𝑢𝑙
𝐹𝑠𝑎
𝑞 = 𝐴. 𝑆𝐻𝐺𝐹. 𝑆𝐶 Equation 2-11 
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𝑆𝐻𝐺𝐹
• 
• 
• 
𝐴
𝑆𝐶
 
Figure 2-8.Difference radiation heat sources
𝑞𝑖𝑛𝑝𝑢𝑡
𝐹𝑈) 𝐹𝑅)
𝑞𝑎𝑝𝑝𝑙𝑖𝑎𝑛𝑐𝑒𝑠/𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = 𝑞𝑖𝑛𝑝𝑢𝑡. 𝐹𝑈. 𝐹𝑅 Equation 2-12 
𝑞𝑎𝑝𝑝𝑙𝑖𝑎𝑛𝑐𝑒𝑠/𝐿𝑎𝑡𝑒𝑛𝑡 = 𝑞𝑖𝑛𝑝𝑢𝑡. 𝐹𝑈 Equation 2-13 
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Table 2-4.The radiation and load factors of some domestic appliances, adopted from  
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Figure 2-10. Schematic version of Heat balance procedures of a typical building, adopted from (Strand et al., 2001) 
Figure 2-12. Outside surface heat balance  
(Strand et al., 2001) 
Outside 
Inside 
Figure 2-11. Inside surface heat balance  
(Strand et al., 2001) 
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𝑞′′𝛼𝑠𝑜𝑙 + 𝑞′′L 𝑊𝑅 + 𝑞′′𝐶𝑜𝑛𝑣,𝑜 − 𝑞′′𝑘𝑜 = 0 
Equation 2-14 
𝑞′′𝑘𝑜
𝑞′′𝛼𝑠𝑜𝑙
𝑞′′𝐶𝑜𝑛𝑣,𝑜
𝑞′′L 𝑊𝑅
Figure 2-13. Zone air heat balance, adopted from (Strand et al., 2001) 
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𝑞′′𝐿𝑊𝑋 + 𝑞′′𝑆𝑊 + 𝑞′′𝐿𝑊𝑆 +  𝑞′′𝑘𝑖 +  𝑞′′𝑠𝑜𝑙 + 𝑞′′𝐶𝑜𝑛𝑣 = 0 Equation 2-15 
𝑞′′𝐿𝑊𝑋
𝑞′′𝑆𝑊
𝑞′′𝐿𝑊𝑆
𝑞′′𝑘𝑖
𝑞′′𝑠𝑜𝑙
𝑞′′𝐶𝑜𝑛𝑣
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𝑞𝐶𝑜𝑛𝑣 + 𝑞𝐶𝐸 + 𝑞𝐼𝑉 +  𝑞𝑠𝑦𝑠 = 0 Equation 2-16 
𝑞𝐶𝑜𝑛𝑣
𝑞𝐶𝐸
𝑞𝐼𝑉
𝑞𝑠𝑦𝑠
𝑡𝑎𝑗 =
𝛼 + ∑ 𝐴𝑖
𝑁
𝑖=1 ℎ𝑐𝑖𝑡𝑠𝑖,𝑗 + 𝜌𝑐𝑉𝑖𝑛𝑓𝑖𝑙𝑡𝑜𝑗 + 𝜌𝑐𝑣𝑣𝑒𝑛𝑡𝑗𝑡𝑣𝑗 + 𝑞𝑐,𝑖𝑛𝑡𝑗
−𝑏 + ∑ 𝐴𝑖
𝑁
𝑖=1 ℎ𝑐𝑖 + 𝜌𝑐𝑉𝑖𝑛𝑓𝑖𝑙 + 𝜌𝑐𝑣𝑣𝑒𝑛𝑡𝑗
 
 
Equation 2-17 
𝑡𝑎𝑗
𝐴𝑖
ℎ𝑐𝑖
𝑡𝑠𝑖,𝑗
𝑡𝑜𝑗
𝑡𝑣𝑗
𝑞𝑐,𝑖𝑛𝑡𝑗
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Figure 2-14.Main components and data workflow of building energy simulation tools, adopted from (Maile, Fischer 
et al. 2007)
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Figure 2-15.Showing the conversion of 3D model into thermal model (Maile, Fischer et al. 2007) 
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• 
 
Figure 2-17.Sun altitude and azimuth, adopted 
from (astronavigation, 2015) 
 
Figure 2-16.Global, direct, diffuse solar irradiance, adopted 
from (astronavigation, 2015) 
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Table 2-5.shows the different types of calibration and provides some examples of each category. 
Calibration Category Example of case studies 
Manual, iterative and pragmatic intervention 
 
 
(Kaplan, McFerran et al. 1990);    
 
(Diamond, Hunn 1981) 
 
(Hunn, Banks et al. 1992) 
 
A suite of informative graphical comparative 
display  
 
(Haberl, Bou-Saada 1998) 
 
(Bronson, Hinchey et al. 1992) 
 
(Haberl, Sparks et al. 1996) 
 
Special tests and analytical procedures 
 
(Manke, Hittle et al. 1996) 
 
(Liu, Claridge 1998) 
 
Analytical/mathematical methods of calibration 
 
(Sun, Reddy 2006) 
 
(Westphal, Lamberts 2005) 
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Table 2-6.The applicability of some well-adopted energy simulation tools in the building lifecycle 
Simulation 
tools Lifecycle usage 
Example of relevant case 
studies 
Purpose of use in the 
study 
EnergyPlus 
Multiple phases but 
powerful for 
operational phases 
(Attia, Gratia et al. 2012) 
To simulate the energy 
performance of different 
design proposals. 
eQUEST 
Design stages (mainly 
schematic/ detailed 
design phases) 
(Yu, Yang et al. 2008) 
 
To estimate the annual 
energy consumption of a 
typical residential 
building in hot summer 
zones in China 
 
Design 
builder 
Multiple stages but 
weak in operational 
phase 
(Ortiz, Bonnet et al. 2009) 
 
To estimate the 
environmental impact of 
certain physical 
measures on a typical 
dwelling in Barcelona 
during the design and 
operational stages  
IES-VE 
Multiple stages (design, 
operation, 
maintenance) 
(Al-Tamimi, Fadzil 2011) 
 
To investigate the effect 
of different shading 
devices on the thermal 
comfort of high-rise 
buildings in hot-climate 
weather   
 
BSim Design stages 
(Marszal, Heiselberg et al. 
2012) 
 
To calculate the hourly 
load demand of a 
reference residential 
multi-storey zero 
emission building in 
Denmark.  
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Transparency ratio 
Insulation thickness 
Orientation 
Heating 
energy 
consumption 
Figure 2-18.Working principle and information flow of neural network models adopted from (Krenker, Kos et al. 
2011) 
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Figure 2-19.The structure of Feed-forward (left) and Recurrent artificial neural network models (Krenker, Kos et al. 
2011). 
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Table 2-7.some relevant examples on ANN energy prediction models in the residential sector 
Researcher(s) 
Type of ANN 
model 
Inputs Estimated 
parameters 
Training 
datasets/ data 
resolution 
(Kalogirou, 
Bojic 2000) 
Four layers 
recurrent ANN 
-level of insulation 
-masonry thickness 
-heat transfer 
coefficient 
 
-time of the day 
The hourly 
energy 
consumption 
of a passive 
house 
Trained with 1-
year data 
(Mihalakakou, 
Santamouris et 
al. 2002 
feed forward 
back 
propagation 
ANN 
-hourly air 
temperature 
-total solar 
radiation 
The hourly 
electricity 
consumption 
of a 
residential 
building in 
Athens 
Trained with 
five years 
hourly energy 
consumption 
data 
(Ekici, Aksoy 
2009) 
a back-
propagation 
ANN 
- orientation 
- glazing ratio 
- level of insulation 
- wall thickness 
Heating 
demand of 
three design 
proposals 
- 
(Dombaycı 
2010) 
a back 
propagation 
ANN 
- orientation 
- glazing ratio 
- level of insulation 
- wall thickness 
Hourly 
energy 
consumption 
of a house 
during the 
design stage 
Trained with 
three years 
energy 
consumption 
data 
(Olofsson, 
Andersson 
2001) 
feed forward 
back 
propagation 
ANN 
-Indoor/outdoor 
daily temperatures 
 
-Heating energy 
demand 
 
-electricity energy 
consumption 
Heating 
energy 
demand of 
single family 
dwellings 
- 
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[(𝑥0, 𝑦0), . . . , (𝑥𝑛, 𝑦𝑛)] 𝑥𝑖
𝑦𝑖 𝑥𝑖
𝑦𝑖
𝑓(𝑥)
ϵ
ϵ
2-18
 
 
         Equation 2-18 
 
𝜑
𝜔
 
  
𝑚𝑖𝑛𝜔,𝑏,𝜉𝑖𝜉𝑖
∗
 
     
1
2
||𝜔||2 + 𝐶 ∑(
𝑛
𝑖=1
𝜉𝑖 + 𝜉𝑖
∗〉 
Equation 2-19  
 
 
Subject to        
 
 
{
𝑦𝑖 − 〈𝜔, 𝛷(𝑋𝑖)〉 − 𝑏 ≤ 𝜖 + 𝜉𝑖
〈(𝜔, 𝛷(𝑥𝑖)〉 + 𝑏 − 𝑦𝑖 ≤ 𝜖 + 𝜉𝑖
∗
𝜉𝑖|𝜉𝑖
∗ ≥ 0
 
Equation 2-20 
 
𝐶
𝑓 𝜖 𝜉𝑖 𝜉𝑖
∗
 𝑓(𝑥) =< 𝜔, 𝜑(𝑥) > +𝑏 
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𝛷(𝑋)
 
 𝑘(𝑥, ?́?) =< 𝜑(𝑥), 𝜑(𝑥)́ > 
 
Equation 
2-21 
 
 
 
 
 
 
 
 
 
 
Figure 2-20. SVM regression function with slack variables, observed and predicted data points 
(tripod, 2015) 
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Table 2-8.Possible strategies of hybrid approaches 
 
 
 
 
 
 
 
Possible hybrid approach Approaches involved Common purpose of use 
1 • Engineering 
• Artificial intelligence  
Estimation of optimal physical parameters  
2 • Artificial intelligence  
• Statistical  
Describing the building thermal behaviour 
3 • Statistics 
• Engineering  
Estimation of optimal physical / techno-
socioeconomic parameters which could have 
been missing or inaccurate. 
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Figure 2-21.The structure of the hybrid energy prediction model developed by (Hygh, DeCarolis et al. 2012) 
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Figure 2-22.Conventional prediction process of 2D GIS based urban energy planning and prediction models 
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Figure 2-23.CityGML thematic core and ADE modules (Gröger, Plümer 2012) 
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Table 2-9.Principles, strengths, and weaknesses of existing interoperability approaches between IFC and CityGML 
Approach Approach Principle  Relevant Example Strengths Weaknesses 
Approach 
1 
 
 
 
- Unidirectional 
conversion from 
IFC to 
CityGML 
 
(Nagel and Kolbe, 
2007) 
 
(Isikdag and 
Zlatanova, 2009) 
 
(Nagel et al., 2009) 
-Widely Supported by 
commercial software 
packages. 
 
-Benefit urban planning 
applications. 
 
 
 
 
-Loss of information. 
 
-Conversion to lower 
LOD (LOD1, LOD2). 
 
-Focused on geometric 
transformation issues. 
 
-Extensive post-
processing is needed. 
Approach 
2 
unifying 
approaches (Bi-
directional 
conversion) 
(El-Mekawy et al., 
2011) 
(Xu et al., 2014) 
-Intends to bridge the 
interoperability gap 
between IFC and 
CityGML. 
 
 
-Remains fairly at the 
conceptual stages. 
 
 
 
Approach 
3 
 
Extending the 
CityGML 
model by either; 
   
 
a- Introduction 
of generic 
city objects.   
 
(Gröger et al., 
2012) 
-Ability to model and 
exchange new features 
in CityGML. 
- Nomenclature issues.  
 
-The validation of 
generic objects and 
attributes represent an 
issue for XML parsers. 
 
b- Using 
Application 
extension 
domain 
(ADE) 
(Van Berlo, 2009) -Defined by an 
additional XML schema 
to avoid nomenclature 
conflicts. 
 
-Widely adopted for 
urban energy planning 
applications. 
-Massive file size 
 
-The combination of 
different ADE modules 
is not possible 
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Figure 2-24.Roof and slabs in IFC and CityGML 
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Table 2-10.Evaluation of existing IFC to CityGML LOD3 converters 
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Figure 2-25.Conventional prediction process of 3DCityGML urban energy forecasting models 
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Table 2-11.Comparison between the accuracy of different CityGML modelling procedures Strzalka, Bogdahn et al. 
2011) 
 
 
Modelling procedure 
Year 
2009 2010 
Deviation 
algorithm 
1 
Deviation 
algorithm 
2 
Deviation 
algorithm 
1 
Deviation 
algorithm 
2 
 
Dimensions from laser scanning and average 
U-values 
-39% -22% -34% -10% 
Dimensions from laser scanning and 
measured U-values -29% -13% -23% -1% 
Average dimensions and average U-values -29% -19% -23% -5% 
Average dimensions including real window 
orientation and measured U-values 
-20% -10% -13% +5% 
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Figure 2-27. An example of a semantic query showing solar panel installation surface areas with the potential of 5MW 
power generation per annum 
Figure 2-26.The prediction process of the 3D CityGML urban energy forecasting model adopted by (Saran, Wate et 
al. 2015) 
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Figure 2-28.depicts a comparison between the design and real (operational) signature models by 
(Belussi, Danza 2012). It is clear that behaviour of building during the operational stage is different from 
the design one since both curves are not overlapping. 
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Table 2-12.summary of the Energy planning and forecasting approaches for supporting physical improvement 
strategies in the building sector 
Frequent 
Intervention 
scale 
Approaches Require 
3D 
models? 
Require 
historical 
data? 
Easy to 
employ? 
Prediction 
accuracy 
Applicability in 
the building life-
cycle 
Building 
scale 
Engineering Yes No Easy to 
moderate 
depending 
on the 
complexity 
of the 
simulation 
tool. 
Fair to 
High 
Multi stages 
including Design, 
operational, and 
maintenance 
stages 
ANN No Yes No high Mostly 
operational 
stages 
Very limited for 
design phases 
SVM No Yes No Fairly high Mainly 
operational 
stages 
Very limited for 
design phases 
Hybrid Yes, if 
engineering 
methods 
are 
involved 
Yes, 
partially 
No Fairly high Design and 
operational 
stages 
Urban scale 
2D GIS Yes No Moderate Fair Operational 
stages 
3D 
CityGML 
Yes No Moderate Fair to 
High 
Operational 
stages 
Bottom-up 
statistical 
No Yes Yes Fair Operational and 
maintenance 
stages 
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Figure 2-29.The modelling framework of the proposed urban energy planning and forecasting model 
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Figure 3-1.The proposed classification of energy forecasting approaches supporting techno-socio-economic measures 
in the residential sect 
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Figure 3-2.variation in energy consumption in function of GDP per capita in major developed countries 
between 1972 and 2008 adapted from (Reinhart and Rogoff, 2009)  
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Figure 3-3. The effect of energy price on energy intensity in some developed countries between 
1990 and 2005, adapted from (EEA, 2013). 
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Figure 3-4. Domestic energy consumption and the growth of Chinese urban population, 1990-2012 (EIA, 2012) 
 
 
 
Figure 3-5.Average energy consumption per dwelling (million British thermal units) in relation to the number of 
housing units ( in millions) in the US between 1980 and 2009 (EIA, 2012) 
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Figure 3-6.The change in the UK residential electricity consumption in relation to the increase in the total 
number of appliances from 1970 to 2015 (BEIS, 2016). 
 
Figure 3-7. The degree of change in the annual energy consumption (KWh) of three appliances namely; washing 
machine, television, refrigerator, in the UK between 1990 and 2030 (DECC, 2014a). 
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⁰
⁰ ⁰
Equation 3-1 Equation 3-2
 
𝐻𝐷𝐷 = ∑ 𝑇∗ −  𝑇𝑡
𝑛𝑑
 ; 0 Equation 3-1 
 
 
𝐶𝐷𝐷 = ∑ 𝑇𝑡 − 𝑇
∗
𝑛𝑑
 ; 0 Equation 3-2 
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 𝐸𝑎𝑛,𝑡 = 𝑏 + 𝑐1𝐸𝑎𝑛.𝑡−1 + 𝑐2𝑙𝑑𝑖𝑠𝑝,𝑡 + 𝑐3𝑃𝑐𝑡 (Equation.3-3) 
 𝐸𝑎𝑛,𝑡 = 𝑏 + 𝑐1𝐸𝑎𝑛.𝑡−1 + 𝑐2𝑙𝑑𝑖𝑠𝑝,𝑡 + 𝑐3𝑃𝑐𝑡 + 𝑐4 𝐻𝐷𝐷𝑡 (Equation.3-4) 
Figure 3-8.Structure of the technological model developed by Hirst et al. (1977) 
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 𝐸𝑎𝑛,𝑡 = 𝑏 + 𝑐1𝐸𝑎𝑛.𝑡−1 + 𝑐2𝑙𝑑𝑖𝑠𝑝,𝑡 + 𝑐3𝑃𝑐𝑡 + 𝑐4 𝐻𝐷𝐷𝑡 + 𝑐5𝑃𝑐𝑡−1 (Equation.3-5) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-9. Comparison of annual energy consumption values of China with the ones of the USA, Canada, and 
Japan (Zhang, 2004) 
 
Heating degree days (HDD) 
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ɛ
ln 𝐸𝑖𝑡 = 𝛽𝑝 + 𝛽𝐸𝑃 ln 𝐸𝑖𝑡−1 + 𝛽𝑝𝑝 𝑙𝑛 𝑃𝐸𝑖𝑡 + 𝛽𝛾 𝑙𝑛 𝑌𝑖𝑡 + 𝛽𝑃𝑂𝑃 ln 𝑃𝑂𝑃𝑖𝑡
+ 𝛽𝐻𝑆 ln 𝐻𝑆𝑖𝑡 + 𝛽𝐺𝐴𝑆 𝐺𝐴𝑆𝑖𝑡 + 𝐵𝐻𝐷𝐷 ln 𝐻𝐷𝐷𝑖𝑡
+ 𝛽𝐶𝐷𝐷 ln 𝐶𝐷𝐷𝑖𝑡 + 𝐵𝐷𝑇 𝐷𝑇𝑡 + 𝜀𝑖𝑡 
 
(Equation.3-6) 
132     Energy planning approaches for supporting techno-socio-economic measures 
 
 
 
  
 𝐸𝑎𝑛,𝑒,𝑓 = 𝑆. 𝐶𝑒,𝑓 . 𝑅𝑒,𝑓 . 𝑈𝑒,𝑓 
 
(Equation.3-7) 
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 𝐸𝑖,𝑡 = 𝛼 + 𝛽𝐹𝐹𝑖,𝑡 + 𝛽𝐵𝐵𝑖,𝑡 + 𝛽𝑆 𝑆𝑖,𝑡 + 𝛽𝑅𝑅𝑖,𝑡 + 𝛽𝑤𝑊𝑖,𝑡 + 𝛽𝑇𝑇𝑖,𝑡 + 𝑉𝑖 + 𝜀𝑖,𝑡, (Equation.3-8) 
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Figure 3-10. Conventional process of building households' energy consumption archetypes. 
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Figure 
3-11.Illustration of clustering process using K-mean algorithm, adopted from (Riadi et al., 2013) 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-12.Illustration of clustering process using SOM (self-organising maps)  algorithm, adopted from (IVAP3, 2015) 
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Figure 3-13.Employment mode of the household heads, adopted by Beckel et al. (2012) 
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Table 3-1.(part 1) energy planning and forecasting approaches supporting the development of techno-socio-economic 
measures 
Approach Purpose of use Type Data type Frequent Inputs 
Method 
employed 
Aggregated 
(top-down) 
models 
Evaluating the 
long-term 
implications of 
an economy on 
regional/ 
national energy 
demand 
Macro-
econometric 
Historical 
aggregate data 
from national 
agencies, 
weather 
stations, or 
energy 
providers 
-GDP 
-Fuel price 
-Employment 
-number of 
households 
-Appliances 
ownership, 
efficiency, and 
usage patterns 
-Degree days 
 
Statistical 
methods; 
-Regression 
analysis  
-Artificial 
intelligence 
methods; 
Artificial 
neural 
networks  
Fuzzy logic  
Genetic 
algorithm 
Technological 
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Table 3-2.(part 2) energy planning and forecasting approaches supporting the development of techno-socio-economic 
measures 
Approach Purpose of use Type Data type Frequent Inputs 
Method 
employed 
Disaggregated 
(Bottom-up) 
Models 
-Forecasting 
energy 
consumption/ 
demand at the 
building scale 
 
-Identifying 
households 
with possible 
socio-economic 
improvements. 
 
-Analysing the 
impact of 
applied 
measures (e.g. 
energy tax 
compensation) 
Micro-
econometric 
Large scale 
surveys; panel 
data surveys, 
cross-sectional 
data, annual 
expenditure 
surveys 
Households 
size, household 
age, level of 
education, 
presence of 
children and 
teenagers, 
patterns of 
presence at 
home, 
employment 
mode, socio-
economic 
status, income, 
marital status, 
household type, 
and tenure type 
Statistical 
methods; 
-pooled 
linear 
regression 
 -fixed 
effects 
regression 
-random 
effects 
regression  
-generalised 
method of 
moments 
(GMM) 
Archetyping 
Large scale 
surveys; panel 
data surveys; 
smart metering 
data; 
geodemographic 
segmentation 
systems; annual 
expenditure 
surveys 
Socio-
economic, 
demographic, 
and 
environmental 
attitude 
variables 
-Statistical 
methods 
including;  
-Data 
reduction 
procedures 
(e.g. factor 
analysis) 
- Regression 
analysis  
-Clustering 
algorithms; 
K-
mean;SOM 
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Figure 4-1.Structure of the methodology chapter 
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Table 4-1.Philosophical position of the undertaken research in relation to other positions (part1), adapted from 
(Creswell, 2013)
Paradigm Ontology Epistemology Considered 
in the 
research 
Why? 
Post-positivism Critical 
realism- one 
reality but 
with fallible 
apprehension 
Modified objectivist/ 
dualist; researcher 
position is neutral; 
findings might be true. 
Yes  
- One reality 
determined based on 
testing the following 
hypothesis “ 
household transitions 
affect their energy 
usage” 
 
-Future transition 
patterns are governed 
by some socio-
economic and 
demographic factors. 
 
- Knowledge is 
shaped by 
observational data. 
 
Constructivism / 
interpretive 
Multiple 
realities which 
are socially 
constructed 
Subjectivism: 
interaction between 
participants and 
researcher(s) 
constitutes knowledge 
and values. 
No -The primary 
purpose of the 
research is not to 
develop an 
understanding of 
urban planners but 
instead provide a 
new useful tool to 
help them meet the 
CO2 emission 
targets.  
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Table 4-2.Philosophical position of the undertaken research in relation to other positions (part2), adapted from 
(Creswell, 2013) 
Paradigm Ontology Epistemology Considered in 
the research 
Why? 
Critical theory/ 
Transformative 
Historical/virtual 
realism shaped 
by economic, 
social, ethnic, 
and cultural 
values.   
Subjectivism; findings 
are based on values. 
Yes -Closely 
collaborating with 
urban energy 
planners to 
develop together a 
new urban energy 
planning support 
system. 
 
- Extend the 
capabilities of the 
developed system 
in the future to 
include public 
engagement 
aspects; e.g. 
 empower 
vulnerable 
consumers such 
as, fuel pauvre.   
Pragmatism Not devoted to any philosophical system No -No rationale for 
the employed 
methodologies 
and methods. 
 
- Dubious validity  
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Table 4-3. Existing worldviews with their respective main research methodologies 
Paradigm Adopted in this 
research 
Methodology (Primarily) 
Positivism/Post-positivism  Yes Quantitative  
Interpretivism/ Constructivist  No Qualitative  
Transformative/ Critical theory  Yes Qualitative with critical and action 
research principles. However, other 
approaches can be employed to 
complement the overall picture 
(Henry and Kemmis, 1985) 
Pragmatism  No Qualitative and Quantitative 
 
 
Table 4-4. The adequate methodologies to address the study research questions based on their type 
Research questions Type of 
question 
Nature according to 
(Trochim and 
Donnelly, 2006) 
Adequate 
methodology 
How will the different British 
household structures evolve in the 
next 5-10 years? 
 
Open-ended descriptive Quantitative 
Is there a significant relationship 
between household transitions and 
energy usage patterns? 
Research 
question 
relational Quantitative 
If so, to what extent it does affect the 
households’ energy consumption 
figures? 
Open-ended Causal/ predictive Quantitative 
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Table 4-5. Most frequent research methods under the post-positivism and transformative paradigms according to 
Merriam and Tisdell, (2015).  
Paradigm Common research methods in the 
literature 
Chosen research 
methods  
Type of 
envisaged data 
Positivism/Post-
positivism  
Experiments, surveys, observation 
studies, content analysis, Quasi-
experiments, secondary data analysis, 
systematic reviews and meta-analysis, 
audits,  
Secondary data 
analysis 
Quantitative 
Transformative/ 
Critical theory  
In-depth interviews, focus groups, 
participant observation, field-notes, 
content analysis, case-study analysis, 
participatory workshops and 
conferences 
Case-study analysis, 
participatory 
workshops 
Qualitative 
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Figure 4-2. The multilevel model (Tashakkori and Teddlie, 2010) 
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Figure 
4-3
 
Figure 4-3. Overall summary of missing data in the BHPS database 
Figure 4-4
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Figure 4-5
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Figure 4-5.UK domestic energy demand breakdown (DECC, 2012b). 
Figure 4-4. Energy unity prices and daily standing charges in pence in the UK from (1991-2015) 
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𝑙𝑜𝑔 (
𝑃𝑖𝑡
1 − 𝑃𝑖𝑡
) = 𝜇𝑡 + 𝛽𝑥𝑖𝑡 + 𝑦𝑧𝑖 + 𝛼𝑖 
(Equation 4-1) 
 
𝑃𝑖𝑡 𝑦𝑖𝑡 = 1 𝑧𝑖
𝑥𝑖𝑡
𝛽 𝑦
𝜇𝑡 𝛼𝑖
𝑧𝑖
𝑦𝑖1 𝑦𝑖2 𝑖 𝛼𝑖 𝑧𝑖 𝛼𝑖
 
 
𝑙𝑜𝑔 (
Pr(𝑦𝑖1 = 0, 𝑦𝑖2 = 1)
Pr(𝑦𝑖1 = 1, 𝑦𝑖2 = 0)
 ) = (𝜇2 − 𝜇1) + 𝛽(𝑥𝑖2 − 𝑥𝑖1) 
(Equation 4-2) 
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ζ ∼ ψ
j
 
 
logit{Pr(yij = 1|xij , ζj)}  =  β1 +  β2x2j +  β3x3ij +  β4x2jx3ij +  ζj 
 
(Equation 4-3) 
 
yij j
 
      πij ≡ Pr(yij |xij ,ζj)   
 
 logit(πij)  =  β1 +  β2x2j +  β3x3ij +  β4x2jx3ij +  ζj 
yij |πij ∼ Binomial (1, πij) 
(Equation 4-4) 
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𝑟𝑝𝑏
 
 
𝑟𝑝𝑏 =
𝑌1 − 𝑌0
𝑆𝑦
√
𝑁1𝑁0
𝑁(𝑁 − 1)
 (Equation 4-5) 
 
𝑧𝑖 𝑥𝑖𝑡
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𝛼𝑖
 𝑦𝑖𝑡 = 𝑋𝑖𝑡
′ 𝛽 + 𝛼𝑖 + 𝜀𝑖𝑡 (Equation 4-6) 
 
 
𝑥𝑖𝑡
𝑢𝑖
 
 𝑦𝑖𝑡 = 𝑋𝑖𝑡
′ 𝛽 + 𝐸[𝑧𝑖
′𝛼] + {𝑧𝑖
′𝛼 − 𝐸[𝑧𝑖
′𝛼]} + 𝜀𝑖𝑡  (Equation 4-7) 
 
 = 𝑋𝑖𝑡
′ 𝛽 + 𝛼 + 𝑢𝑖 + 𝜀𝑖𝑡 (Equation 4-8) 
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Figure 4-6. The user interface of "Radius from UK postcode" tool (FreeMapTools, 2017) 
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Figure 5-1.Structure of chapter 5 
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Figure 5-2.Change in the number of different households in the BHPS dataset between 1991 and 2008. 
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Figure 5-3. The observed transition possibilities of single non-elderly households to different family types over 5, 10, and 
15 years. 
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Table 5-1.Logistic regression transition models to single non-elderly households in the next year, five and ten years 
(part1) 
  (year 1) (year 5) (year 10) 
  Single non-elderly Single non-elderly Single non-elderly 
    
 
M
arital status
 
Cohabiting couples 5.173*** 4.68** 0.261* 
 (1.614) (2.680) (0.187) 
   
 
Widowed 3.168 2.887 - 
 (3.117) (2.929)  
   
 
Divorced  - 2.718 - 
  (1.779)  
   
 
    
 
A
ge and 
household type 
 
Householder Age 0.745*** 0.56*** 0.363*** 
 (0.0206) (0.0221) (0.0272) 
   
 
Single non-elderly 4.516*** 0.149*** 0.421 
 (1.835) (0.0584) (0.312) 
   
 
Lone parent  - 0.0686* - 
  (0.0714)  
Household size 0.547* - - 
  (0.167)   
A
ccom
m
odation related 
v
a
riables
 
Terraced house 2.455* - - 
 (0.873)   
Purpose built flat or 
maisonette 
- 0.164*** 0.272 
  (0.0897) (0.210) 
Converted flat or 
maisonette 
- 0.0171*** - 
  (0.0152)  
Semi-detached house 
or Bungalow  
- 0.45* - 
    
Dwelling size 0.842* 0.833*  
 (0.0836) (0.102)  
    
Owned outright 1.458 - - 
 (0.519)   
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Table 5-2.Logistic regression transition models to single non-elderly households in the next year, five and ten years 
(part2) 
  (year 1) (year 5) (year 10) 
  Single non-
elderly 
Single non-
elderly 
Single non-elderly 
     
Socio
-eco
n
o
m
ic cla
ss a
nd inco
m
e v
a
riables
 
Higher-grade professionals 0.569 - 2.461 
 (0.181)  (1.227) 
    
Lower-grade professionals - - 2.609* 
   
(1.144) 
Routine non-manual 
employees  
 0.256** - 
  (0.134)  
Foreman or technicians 0.379 - - 
 (0.191)   
Personal service workers - 0.0903** - 
  (0.0768)  
Log 10 total income 0.497 0.59 0.124** 
 (0.208) (0.28) (0.0847) 
Receiving benefit - 0.733* - 
   (0.258)  
 Square root household 
annual benefit income 
- - 1.015* 
    
(0.00630) 
 McFadden’s R2 0.553 0.457 0.568 
    
 
 Type of employed models Fixed-effects Fixed-effects Fixed-effects 
    
 
 Sample size  1755 1382 1100 
Note:  standard errors in parentheses              *Significance at the 95% level     **Significance at the 99% level     
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Figure 5-4. The percentage of annual break up rates between couples in function of the length of relationship in years 
(Rosenfeld, 2014) 
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Figure 5-5. The proportion of workless adults across different UK household types (ONS, 2015d)
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Table 5-3. Logistic regression transition models to couple without children households in the next year, five and ten 
years (part1) 
  (Year 1) (Year 5) (Year 10) 
  Couple No Couple No Couple No 
H
o
u
seh
old type
 
Couple with children  0.0527** 4.230** 2.891 
 (0.0158) (1.646) (2.264) 
Lone parent  - - - 
    
Other households  - - - 
M
a
rital
 statu
s
 a
nd ag
e
 
    
Divorced  0.0389** - - 
 (0.0169)   
Widowed 0.0183** - - 
 (0.0164)   
Separated  0.0690** 6.343* 0.4158 
 (0.0319) (4.667) (0.3825) 
Never Married 0.0359** 1.986 0.900 
 (0.0118) (0.977) (0.8798) 
Not main householder 1.792* - - 
 (0.458)   
Age of the householder 1.106** 1.1** 1.551** 
 (0.0274) (0.0285) (0.0767) 
McFadden’s R2 
  0.476 0.22 0.150 
Type of employed 
models  
 Fixed effects  Fixed effects  Fixed effects  
Sample size  1846 1251 662 
Note: Couple No= couple without children / standard errors in parentheses    
*Significance at the 95% level     **Significance at the 99% level     
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Table 5-4.Logistic regression transition models to couple without children households in the next year, five and ten 
years (part2) 
 
 (Year 1) (Year 5) (Year 10) 
 
 Couple No Couple No Couple No 
D
w
elling
 size a
nd type
 
Dwelling owned with 
mortgage  
0.484** 0.517 0.551 
 (0.131) (0.179) (0.239) 
Renting from local 
authorities 
0.335 0.129* - 
 (0.239) (0.118)  
Renting from housing 
associations 
0.171 - - 
 (0.190)   
Renting from private 
landlords 
- 0.317* - 
  (0.197)  
Dwelling size 1.060 - - 
 (0.0916)   
Purpose built flat - 7.456** 0.7568 
  (4.214) (0.7241) 
Converted flat - 8.086** 1.6932 
  (5.987) (2.1283) 
Semi-detached house or 
bungalow 
- 1.856* - 
  (0.573)  
Note: Couple No= couple without children / standard errors in parentheses 
*Significance at the 95% level     **Significance at the 99% level     
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Table 5-5.Logistic regression transition models to couple without children households in the next year, five and ten 
years (part3) 
 
 (Year 1) (Year 5) (Year 10) 
 
 Couple No Couple No Couple No 
So
cio
-eco
n
o
m
ic cla
ss
 v
a
riables
 
Higher-grade professionals  1.126 0.455* 0.304** 
 (0.384) (0.164) (0.135) 
Lower-grade professionals 1.528 0.560 0.269** 
 (0.470) (0.187) (0.119) 
Routine Non-manual  1.576 0.431* 0.491 
 (0.617) (0.198) (0.286) 
Foremen technician 2.400 0.384** - 
 (1.173) (0.184) 
 
 
Small proprietors with employees - - 0.105 
   
(0.126) 
Skilled manual workers - 2.207 - 
  (1.273)  
Semi-skilled manual workers - 0.227* 0.450 
  (0.132) (0.331) 
Note: Couple No= couple without children / standard errors in parentheses 
*Significance at the 95% level     **Significance at the 99% level    
 
 
 
 
 
 
 
 
 
 
208         Socio-economic and demographic factors affecting household transitions 
                                
 
 
Table 5-6.Logistic regression transition models to couple without children households in the next year, five and ten 
years (part4) 
 
 (Year 1) (Year 5) (Year 10) 
 
 Couple No Couple No Couple No 
In
co
m
e related v
a
riables
 
 On Pension  7.922** 4.254** 1.7955 
 (3.710) (2.292) (1.6206) 
On Benefit 0.506* - 1.362 
 (0.141)  (0.5998) 
Square root of total 
household annual 
income  
1.022* 1.005 - 
 (0.00961) (0.00329)  
Square root of 
household annual 
benefit income  
0.978** 0.988** 0.997* 
 (0.00596) (0.00407) (0.00456) 
Square root of 
household labour 
income 
0.985 - - 
 (0.00779)   
Working Full-time - 0.459* 1.4626 
 
  (0.151) (0.6469) 
Note: Couple No= couple without children / standard errors in parentheses  
 
*Significance at the 95% level     **Significance at the 99% level     
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Table 5-7.Logistic regression transition models to lone parents in the next year, five and ten years (part1) 
  (Year 1) (Year 5) (Year 10) 
  Lone parent  Lone parent Lone parent 
H
o
u
seh
old type a
nd m
a
rital
 statu
s
 v
a
riables
 
Single non-elderly  0.130** 3.736* - 
 (0.0691) (2.059)  
Couple without children 0.00626** - - 
 (0.00792)   
Couple with children  0.000639** - - 
 (0.000729)   
Other households  0.00888** - - 
 (0.0123)   
Female  3.558* 4.542* 3.261* 
 (2.184) (3.160) (2.826) 
Divorced  4.415* 27.83** - 
 (3.206) (18.98)  
Separated  3.739 - - 
 (4.257)   
McKelvey & Zavoina's R2 0.3032 0.181 0.125 
Type of the used model Random effect Random effect Random effect 
Sample size  5551  3670 2229 
Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Table 5-8.Logistic regression transition models to lone parents in the next year, five and ten years (part2) 
  (Year 1) (Year 5) (Year 10) 
  Lone parent  Lone parent Lone parent 
H
o
u
seh
old ag
e a
nd size v
a
riables
 
Aged 26-35 - 1.727 - 
  (0.948)  
Aged 36-45 1.833 0.7152 0.359* 
 (0.926) (0.5568) (0.481) 
Aged 46-55 5.615** 1.13523 0.260* 
 (2.969) (0.61640) (0.208) 
Household size 7.733** 2.93** - 
 (2.398) (0.612)  
D
w
elling
 related v
a
riables
 
Renting from private 
landlords  
7.455** - - 
 (4.558)   
Renting from local 
authorities 
- 0.115** 0.412 
  (0.0875) (0.400) 
Living in end-terraced 
dwellings  
- 2.968 2.011 
  (2.252) (1.680) 
Living in terraced 
dwellings 
- 4.408* - 
  (2.557)  
Living in purpose built 
flats 
- 6.684* - 
  (4.981)  
Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Table 5-9.Logistic regression transition models to lone parents in the next year, five and ten years (part3) 
  (Year 1) (Year 5) (Year 10) 
  Lone parent Lone parent Lone parent 
So
cio
-eco
n
o
m
ic cla
ss
 v
a
riables
 
Higher-grade professionals - 0.0701* 0.187* 
  (0.0759) (0.138) 
Routine non-manual employees  3.903* 0.263 - 
 (2.550) (0.232)  
Small proprietors with employees  2.093  51.33** 
 (2.150)  (62.04) 
Small proprietors without 
employees  
0.102  10.96* 
 (0.132)  (12.00) 
Farmers/small holders  0.0893 0.0244* - 
 (0.146) (0.0411)  
Foreman technicians  7.191* 3.009* - 
 (7.217) (2.416)  
Skilled manual workers  6.047*  8.692* 
 (5.288)  (9.392) 
Semi-unskilled manual workers  7.136* -  - 
 (5.498)   
Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level    
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Table 5-10.Logistic regression transition models to lone parents in the next year, five and ten years (part4) 
  (Year 1) (Year 5) (Year 10) 
  Lone parent Lone parent Lone parent 
In
co
m
e related v
a
riables
 
On Pension  0.186** 0.267* - 
 (0.117) (0.216)  
Square root of total annual 
benefit income  
1.023** 1.0134* - 
 (0.00723) (0.006863)  
Square root of annual 
investment income  
0.991 0.984 - 
 (0.00856) (0.00932)  
Working full-time 1.380 1.2363 0.559* 
  (0.671) (0.644) (0.323) 
Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level   
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Table 5-11.Logistic regression transition models to couple with children households in the next year, five and ten years 
(part1) 
  (Year 1) (Year 5) (Year 10) 
  Couple CH Couple CH Couple CH 
H
o
u
seh
old type, ag
e
, a
nd m
a
rital
 statu
s
 
Lone parent  - 4.212 - 
  (4.273)  
Other households  0.130* 7.813*  
 (0.132) (7.550)  
Aged 26-35 0.238** 0.0884**  
 (0.0578) (0.0387)  
Aged 36-55 - - 0.437* 
   (0.147) 
Aged 46-55 2.416* 5.556**  
 (0.879) (1.972)  
Cohabiting couples  0.131** 0.148** 0.0636** 
 (0.0481) (0.0789) (0.0567) 
Divorced  0.00252** 0.0925* - 
 (0.00227) (0.0869)  
Never Married  0.00660** 0.259 0.0620* 
 (0.00361) (0.226) (0.0700) 
Not main householder  4.145** 1.973 - 
 (1.429) (0.812)  
McFadden’s R2  0.554 0.3 0.165 
Type of model Fixed effects Fixed effects Fixed effects 
Sample size 1337 781 522 
Couple CH: couples with children / Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Table 5-12.Logistic regression transition models to couple with children households in the next year, five and ten years 
(part2) 
  (Year 1) (Year 5) (Year 10) 
  Couple CH Couple CH Couple CH 
A
cco
m
m
od
atio
n
 related v
a
riables
 
Living in detached dwellings  2.844* 2.601* - 
 (1.284) (1.305)  
Living is semi-detached 
dwellings 
1.801 3.025* - 
 (0.733) (1.346)  
Living in Terraced dwellings  0.459* - 3.055 
 (0.216)  (2.205) 
Living in Purpose built flats  0.130** 0.403 - 
 (0.0735) (0.309)  
Living in converted flats  0.0679* - - 
 (0.0717)   
Dwelling size 1.866** - - 
 (0.2658)   
Dwelling owned outright 8.214** 3.225* - 
 (4.170) (1.852)  
Dwelling Rented from employer 0.0371** - - 
 (0.0443)   
Dwelling rented from private 
landlords 
0.245*  0.0769* 
 (0.146)  (0.0789) 
Couple CH: couples with children / Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Table 5-13.Logistic regression transition models to couple with children households in the next year, five and ten years 
(part3) 
  (Year 1) (Year 5) (Year 10) 
So
cio
-eco
n
o
m
ic cla
ss
 related facto
rs
 
 Couple CH Couple CH Couple CH 
Higher-grade professionals  0.524 3.817** 7.721** 
 (0.187) (1.749) (5.044) 
Lower-grade professionals  0.397** 10.18** 3.799* 
 (0.126) (4.969) (2.101) 
Routine non-manual 
employees 
- 7.44** - 
  (3.56)  
Small proprietors without 
employees 
- 4.656* - 
  (3.586)  
Semi-unskilled manual 
workers 
0.310* 4.096* - 
 (0.164) (2.817)  
Foreman technicians 0.242** - - 
 (0.122)   
Farmers/smallholders  0.305 2.482 - 
 (0.283) (2.159)  
Agriculture workers 0.0920 - - 
 (0.173)   
Couple CH: couples with children / Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Table 5-14.Logistic regression transition models to couple with children households in the next year, five and ten years 
(part4) 
  (Year 1) (Year 5) (Year 10) 
  Couple CH Couple CH Couple CH 
In
co
m
e related v
a
riables
 
On benefit  - 1.394 1.053 
  (0.472) (0.539) 
On pension  0.650 - - 
 (0.482)   
Square root of annual benefit 
income  
1.024*** 1.021** 1.026** 
 (0.00592) (0.00693) (0.00827) 
Square root of annual 
investment income 
0.973*** 0.980* - 
 (0.00757) (0.00772)  
Working full-time - 2.191* 1.151 
  (0.851) (0.519) 
Couple CH: couples with children / Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Table 6-1. The impact of single non-elderly transitions on the annual gas and electricity consumption 
 Single 1 
year 
Single 
2years  
Single 
3years 
Single 
4years 
Single 
5years 
Single 
6years 
Single 
7years 
Single 
8years 
Single 
9years 
Single 
10 
years 
Log 10 
annual 
electricit
y usage  
0.18** 0.154** 0.153** 0.142** 0.07** 0.06** 0.07** 0.052** 0.05** 0.04** 
Sig.(2-
tailed) 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 
Square 
root of 
annual 
gas 
usage  
0.11** 0.094** 0.069** 0.062** 0.015 -0.003 0.01 -0.001 -0.012 -0.013 
Sig.(2-
tailed) 
0.000 0.000 0.000 0.000 0.246 0.815 0.421 0.928 0.353 0.301 
Sample 
size 
6700 6700 6700 6700 6700 6700 6700 6700 6700 6700 
Note:     * Significance at the 95% level                   ** Significance at the 99% level  
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Table 6-2.The impact of couple without children transitions on the annual gas and electricity consumption 
 CN 1 
 year 
CN 2 
years 
CN 3 
years 
CN 4 
years 
CN 5 
years 
CN 6 
years 
CN 7 
years 
CN 8 
years 
CN9 
years 
CN 
10 
years 
Log 10 
annual 
electricity 
usage  
0.11** 0.093** 0.098** 0.094** 0.08** -
.034** 
0.04** 0.03** 0.02 0.008 
Sig.(2-
tailed) 
0.000 0.000 0.000 0.000 0.000 0.005 0.000 0.006 0.074 0.538 
Square 
root of 
annual 
gas usage 
0.114** 0.091** 0.068** 0.057** 0.05** -.09** 0.013 0.001 -.008 -.010 
Sig.(2-
tailed) 
0.000 0.000 0.000 0.000 0.000 0.000 0.290 0.930 0.553 0.419 
Sample 
size 
6700 6700 6700 6700 6700 6700 6700 6700 6700 6700 
Note:   CN: Couple no children      * Significance at the 95% level        ** Significance at the 99% level  
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Table 6-3.The impact of lone parent transitions on the annual gas and electricity consumption 
 LP 
1year 
LP 
2years 
LP 
3years 
LP 
4years 
LP 
5years 
LP 
6years 
LP 
7years 
LP 
8years 
LP 
9years 
LP 
10years 
Log 10 
annual 
electricity 
usage  
0.11** 0.12** 0.01 0.03* 0.01 -
.034** 
-.05** -.05** -.06** -.053** 
Sig.(2-
tailed) 
0.000 0.000 0.363 0.03 0.494 0.005 0.000 0.000 0.000 0.000 
Square 
root of 
annual gas 
usage 
0.008 0.005 -.05** -.06** -.05** -.09** -.13** -.13** -.12** -.116** 
Sig.(2-
tailed) 
0.509 0.701 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Sample 
size 
6700 6700 6700 6700 6700 6700 6700 6700 6700 6700 
Note:   LP: Lone parent      * Significance at the 95% level     ** Significance at the 99% level 
𝑟𝑝𝑏
𝑟𝑝𝑏
𝑟𝑝𝑏
𝑟𝑝𝑏
𝑟𝑝𝑏
241         The impact of household transitions on domestic energy usage patterns 
 
 
𝑟𝑝𝑏
𝑟𝑝𝑏
𝑟𝑝𝑏
𝑟𝑝𝑏
242         The impact of household transitions on domestic energy usage patterns 
 
 
 
 
 
Figure 6-1.The average annual labour income of different household types in the BHPS panel data survey (1991-2008) 
 
 
Table 6-4
𝑟𝑝𝑏
𝑟𝑝𝑏
 
243         The impact of household transitions on domestic energy usage patterns 
 
 
Table 6-4.The impact of couple with children transitions on the annual gas and electricity consumption 
 CWC 
1year 
CWC 
2 years 
CWC 
3years 
CWC 
4years 
CWC 
5years 
CWC 
6years 
CWC 
7years 
CWC 
8years 
CWC 
9years 
CWC 
10years 
Log 10 
annual 
electricity 
usage  
0.16** 0.13** 0.14** 0.13** 0.11** -0.03* -.04** 0.07** 0.05** 0.05** 
Sig.(2-
tailed) 
0.000 0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.000 0.000 
Square 
root of 
annual 
gas usage 
0.160** 0.135** 0.11** 0.1** 0.09* -.09** -.12** 0.03* 0.010 0.011 
Sig.(2-
tailed) 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.443 0.382 
N 6700 6700 6700 6700 6700 6700 6700 6700 6700 6700 
Note: CWC: Couple with children     * Significance at the 95% level     ** Significance at the 99% level  
 
 
𝑟𝑝𝑏
𝑟𝑝𝑏
𝑟𝑝𝑏
𝑟𝑝𝑏 
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Table 6-5.The multiple regression model of the household annual electricity consumption (part1) 
 Independent variables Electricity 
consumption 
95 % Confidence 
intervals  
Single n
o
n
-elderly
 tra
n
sitio
n
 v
a
riables
 
Single non-elderly transition variables   
   
Single after 2 years  0.0539*** 0.04 / 0.068 
 (0.00457)  
Single after 3 years 0.049*** 0.036 / 0.062 
 (.0048633)  
Single after 4 years 0.048*** 0.035 / 0.0616 
 (.0030135)  
Single after 5 years 0.027*** 0.0143 / 0.045 
 (0.00495)  
Single after 6 years 0.02*** 0.011 / 0.048 
 (0.0035)  
Single after 7 years 0.023*** 0.0134 / 0.0485  
 (0.005)  
Single after 8 years 0.013*** 0.0094 / 0.0376 
 (0.00257)  
Single after 9 years 0.0115*** 0.00962 / 0.0379 
 (0.00616)  
Single after 10 years 0.0103*** 0.00862 / 0.0354 
 (0.00681)  
Note: Standard errors in parentheses                                                               * p < 0.05, ** p < 0.01, *** p 
< 0.001 
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Table 6-6.The multiple regression model of the household annual electricity consumption (part2) 
 Independent variables Electricity 
consumption 
95 % Confidence 
intervals  
C
o
uples
 w
ith
o
ut children tra
n
sitio
n
 v
a
riables
 
   
Couple without children after 1 years 0.0647*** 0.025 / 0.095 
 (.0070651)  
Couple without children after 2 years  0.064*** 0.0224 / 0.0945 
 (.0075472)  
Couple without children after 3 years 0.0662*** 0.0226 / 0.0947 
 (.0078574)  
Couple without children after 4 years 0.067*** 0.02254 / 0.0948 
 (0.0084042)  
Couple without children after 5 years 0.066*** 0.0224 / 0.096 
 (.0088884)  
Couple without children after 6 years -0.01778*** -0.009 / -0.0352 
 (.0063607)  
Couple without children after 7 years 0.0370*** 0.0124 / 0.0748 
 (.0085751)  
Couple without children after 8 years 0.0265*** 0.0094 / 0.0678 
 (.0092059)  
Couple without children after 9 years 0.0210 0.0097 / 0.0679 
 (.0099222)  
Couple without children after 10 years .0135575 0.007 / 0.0629 
 (.01073)  
Note: Standard errors in parentheses                                                                   * p < 0.05, ** p < 0.01, *** 
p < 0.001 
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Table 6-7.The multiple regression model of the household annual electricity consumption (part3) 
 Independent variables Electricity consumption 95 % Confidence 
intervals  
Lo
n
e p
a
rents
 tra
n
sitio
n
 v
a
riables
 
Lone parent after 1 years 0.1131*** 0.0914 / 0.3897 
 (.01241)  
Lone parent after 2 years  0.1272*** 0.0917 / 0. 391 
 (0.0135)  
Lone parent after 3 years 0.00591 0.00198 / 0.00783 
 (.0064)  
Lone parent after 4 years 0.0139* 0.0095 / 0.037 
 (.0064)  
Lone parent after 5 years .0043518 0.0011 / 0.007 
 (.0063556)  
Lone parent after 6 years -0.01778*** -0.009 / -0.0323 
 (0.0063607)  
Lone parent after 7 years -0.02445*** -0.0095 / -0.0324 
 (.0063496)  
Lone parent after 8 years -0.0285*** -0.0421 / - 0.041 
 (.0064141)  
Lone parent after 9 years -0.0308*** -0.0443 / -0.0405 
 (.0065652)  
Lone parent after 10 years -.0296*** -0.0098 / - 0.053 
 (.0068216)  
Note: Standard errors in parentheses                                                             * p < 0.05, ** p < 0.01, *** p 
< 0.001 
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Table 6-8.The multiple regression model of the household annual electricity consumption (part4) 
 Independent variables Electricity consumption 95 % Confidence 
intervals  
C
o
uples
 w
ith children
 tran
sitio
n
 v
a
riables
 
Couple with children after 1 years 0.1064*** 0.085 / 0.240 
 (0.0078)  
Couple with children after 2 years  0.101*** 0.0865 / 0.231 
 (0.00846)  
Couple with children after 3 years 0.1012*** 0.0858 / 0.227 
 (.00874)  
Couple with children after 4 years 0.1001*** 0.0832 / 0.215 
 (.00916)  
Couple with children after 5 years 0.0932*** 0.0752 / 0.121 
 (.009832)  
Couple with children after 6 years -0.0155*** -0.007 / -0.026 
 (.0064)  
Couple with children after 7 years -0.0225*** -0.0081 / -0.032 
 (.0063468)  
Couple with children after 8 years 0.06*** 0.03 / 0.1 
 (.0106408)  
Couple with children after 9 years 0.051*** 0.0114 / 0.0862 
 (.0118341)  
Couple with children after 10 
years 
0.0504*** 0.012 / 0.0816 
 (.0118202)  
Note: Standard errors in parentheses                                                                      * p < 0.05, ** p < 0.01, 
***
 p < 0.001 
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Table 6-9.The multiple regression model of the household annual electricity consumption (part5) 
 Independent variables Electricity consumption  95 % Confidence 
intervals  
A
g
e a
nd h
o
u
seh
old referen
ce perso
n
 
related fa
cto
rs
 
Aged between 16 and 25 -0.143***   -.1830092 / -.1024026 
 (0.02056)  
Aged between 26 and 35 -0.0454*** -.0642296 / - 0.265398 
 (0.009613)  
Aged between 46 and 55 0.0364212*** 0.0196 / 0.054 
 (0.0086)  
Aged between 56 and 65 0.021** 0.0024 / 0.039 
 (0.00874)  
Not the main householder  0.0876*** 0.0588 / 0.1163 
 (0.0132)  
Lo
catio
n
 a
nd a
cco
m
m
odatio
n
 related fa
cto
rs
 
Living in east Anglia  0.179*** 0.0557 / 0.302 
 (0.0563)  
Living in South Yorkshire  -0.153** -0.328 / 0.0206 
 (0.0771)  
Living in terraced houses  -0.0773*** -0.1004 / -0.039 
 (0.0142)  
Living in semi-detached 
dwellings  
-0.055*** -0.0808 / -0.0281 
 (0.0122)  
Living in end-terraced 
houses  
-0.06*** -0.0985 / -0.0211 
 (0.0174)  
Living in purpose built 
flats 
-0.067*** -0.097 / -.0362 
 (0.0142)  
Number of rooms in the 
dwelling  
0.033*** 0.025 / 0.04089 
 (0.00372)  
Note: Standard errors in parentheses                                                                 * p < 0.05, ** p < 0.01, *** p 
< 0.001 
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Table 6-10.The multiple regression model of the household annual electricity consumption (part6) 
  Electricity consumption 95 % Confidence 
intervals  
So
cio
-eco
n
o
m
ic cla
ss
 a
nd in
co
m
e related va
riables
 
Working part-time  0.0228***  
 (0.0124)  
Routine non-manual workers  0.0166 -0.0345 / 0.029 
 (0.0141)  
Farmers smallholders  -0.0782 -0.220 / -0.011781 
 (0.0493)  
Small proprietors without 
employees 
0.0554*** 0.0188 / 0.0921 
 (0.0186)  
Log10 of annual household 
income  
-0.0191 -0.0144 / 0.0527 
 (0.0153)  
Square root of non-labour 
income  
-0.00052**   -.0008 / -0.00024 
 (0.000127)  
Receiving benefit  0.033*** 0.01104 / 0.0545 
 (0.00975)  
On pension  -0.038** -0.071 / -0.0045 
 (0.0150)  
R2-Sq 
0.25 
Constant  3.113*** 2.938752 / 3.286249 
 (0.0651)  
Sample size N 4393 
Type of Model Fixed effects  
Note: Standard errors in parentheses                                                                  * p < 0.05, ** p < 0.01, *** 
p < 0.001 
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Table 6-11.The multiple regression model of the household annual electricity consumption (part7) 
 
Independent variables Electricity 
consumption  
95 % Confidence 
intervals  
Energy
 co
n
su
m
ptio
n
 related 
fa
cto
rs
 
Using gas as the main heating fuel  -0.072*** -0.10047 / -.0432 
 (0.0132)  
Using electricity as the main heating 
fuel  
0.207*** 0.171 / 0.243 
 (0.0159)  
Using solid fuel as the main heating 
fuel  
-0.0944** -0.023 / -0.212 
 (0.0299)  
Log10 electricity consumption of 
the previous year  
0.062*** 0.03123 / 0.0921 
 (0.016)  
Note: Standard errors in parentheses                                                                * p < 0.05, ** p < 0.01, *** p 
< 0.001 
 
 
 
 
 
 
Figure 6-2. The average annual electricity usage in KWh per dwelling type 
(OVOenergy, 2014) 
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Figure 6-3.Expected annual electricity consumption figures of single non-elderly households before and after their 
transition to different family types in 5 years.
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Figure 7-1. Structure of chapter 7 
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 Figure 7-2. Neighbourhoods located within 1 mile of the researcher location, Nottingham Trent 
University. 
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Table 7-1. Summary of most suitable areas based on their location and availability of related data 
 Distance from Nottingham 
City centre 
Availability of 
secondary data 
Availability of energy 
related data from 
Nottingham Energy 
Partnership 
Arboretum 0.4 mile (9 mins walking)  Yes (census data) Not for the entire area 
Hockley 0.6 mile (12 mins walking) No No 
The park  0.8 mile (19mins walking) Yes (census data) No 
Sneinton  1 mile (25 mins walking) Yes (census data) Yes 
St Ann’s 1 mile (23 mins walking) Yes (census data) Not for the entire area 
Forest fields 1 mile (24 mins walking) Yes (census data) Not for the entire area 
Hyson green 1 mile (22 mins walking) Yes (census data) Not for the entire area 
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Figure 7-3.Location of the Sneinton area and the surrounding neighbourhood 
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Gender distribution in Nottingham
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Figure 7-4.Percentage of males and females in Sneinton and Nottingham city 
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Figure 7-5.Distribution of age groups in Sneinton, Nottingham, and England 
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Figure 7-6.Marital status of Sneinton and Nottingham city population aged over 16, respectively. 
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Figure 7-7.Ethnic profile of the Sneinton area and Nottingham, Correspondingly (census 2011) 
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Figure 7-8. Distribution of household types in Sneinton and Nottingham city 
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Figure 7-9. Percentage of dwelling types in Sneinton in comparison to Nottingham city 
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Figure 7-10. Tenure type in Sneinton and Nottingham city 
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Figure 7-11. Terraced is the most dominant dwelling type in the Sneinton area 
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Table 7-2. Distribution and basic physical characteristics of existing typologies in the Sneinton area 
 Typology  Percentage 
in the 
Sneinton 
area 
Year of 
constructio
n  
Number 
of floors 
Wall type  Roof type 
Victorian flat T1 3.95% Pre 1914 3-5 Brick/Stone 
(no cavity) 
Flat/sloped 
Victorian 
terraced 
T2  
32.96% 
Pre 1914 2-3 
 
Single brick Sloped 
Victorian semi-
detached 
T3 0.64% Pre 1914 2-3 Single brick Sloped 
Victorian 
detached 
T4 0.48% Pre 1914 2-3 Single brick Sloped 
Interwar semi-
detached/terra
ced 
T5 25.11% (1914-1945) 2 Cavity wall Sloped 
Interwar 
detached 
T6 11.52% (1914-1945) 1-2 Cavity wall Sloped 
Post-war semi-
detached/terra
ced 
T7 0.64% (1946-1964) 1-2 Cavity wall Sloped 
Post-war 
detached 
T8 1.82% (1946-1964) 1-2 Cavity wall Sloped 
60s/70s flats T9 9.13% (1965-1979) 2-20 Concrete/ 
Brick 
Flat/sloped 
60s/70s 
terraced 
T10 3.53% (1965-1979) 2-3 Cavity wall Flat/sloped/she
d 
60s/70s semi-
detached 
T11 2.18% (1965-1979) 2 Cavity wall Flat/sloped 
60s/70s 
detached 
T12 0.99% (1965-1979) 1-2 Cavity wall Sloped 
post-1979 flats T13 3.60% post-1979 2-10 Cavity 
wall/concre
te panel 
Flat/sloped 
post-1979 
terraced 
T14 0.81% post-1979 2 Cavity wall Sloped 
post-1979 semi-
detached 
T15 2.1% post-1979 1-2 Cavity wall Sloped 
post-1979 
detached 
T16 0.55% post-1979 2 Cavity wall Sloped 
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Figure 7-12.Socio-economic profile of Sneinton residents in comparison to Nottingham city inhabitants 
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Figure 7-13. Sneinton households' level of education in comparison to the one of Nottingham city residents. 
 
 
 
Figure 7-14. The socio-economic profiles of Sneinton and Nottingham city households. 
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Figure 7-15. strategy of the initial semantic urban energy modelling   
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Figure 7-16.Main differences between raster and vector data (Fotheringham and Rogerson, 2013)
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Figure 7-17. The main components of Digimaps ordnance survey module. 
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Table 7-3. Export file formats offered by Digimaps and their supporting software packages. 
 Stands for Category Supported software 
KML Keyhole Markup 
Language File (stored 
in XML) 
GIS -Google earth  
- ESRI ArcGIS 
- Blender 
-Merkaartor 
-Keyhole PRO 
DWG AutoCAD drawing file CAD, CAM, CAE plenty of programs 
including;  
 
-Adobe illustrator 
- ArchiCAD 
-Revit  
-Sketchup  
-Rhinoceros  
- ESRI ArcGIS 
GML Geography Markup 
Language File 
GIS -Merkaartor 
-TatukGIS Viewer 
- ESRI ArcGIS 
- Galdos Systems GML 
SDK 
SHAPE N/A GIS -Mainly GIS software 
packages including;  
-ESRI ArcGIS 
-QGIS 
-Terra Explorer Pro 
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Figure 7-18. OS master map topography layer before being cleaned with AutoCAD
Figure 7-19. A snapshot illustrating the process of merging the topography layer with the Building Alpha and OS 
terrain contour 5 layers in AutoCAD 
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Figure 7-20. A Sketchup snapshot showing the imported merged AutoCAD file 
 
 
 
Figure 7-21.A Sketchup snapshot showing the process of aligning Sketchup toposurface with the ones of the imported 
model. 
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Figure 7-22. Realistic texture mapping using Google Street View and Sketchup 
287  Analysis of the pilot area and the initial development of its 3D urban energy 
prediction tool
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
InteriorWallSurface and FloorSurface 
layers   
InteriorWallSurface, FloorSurface, 
Doors, ExternalWallSurface layers   
InteriorWallSurface, FloorSurface, 
Doors, ExternalWallSurface, windows, 
CeilingSurface, RoofSurface, and 
BuildingInstallation layers   
All LOD3 CityGML layers   
Figure 7-23. CityGML LOD3 modelling principles(SIG3D, 2015) 
Figure 7-24. Snapshots illustrating the different CityGML LOD3 layers of a dwelling typology in the pilot area 
(Sneinton) 
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Figure 7-25. The main tabs of the CityEditor CityGML exporter user-interface
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Figure 8-1.The Architecture of the developed 3D urban energy prediction tool (EvoEnergy) 
Energy Related prediction modules 
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Figure 8-3. User-interface of Sketchup 
CleanUp plugin 
Figure 8-2.Sketchup FBX export dialogue box
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Figure 8-4. Illustration of the developed selection tool projecting a red pattern on mouse hover 
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Figure 8-5. The C# selection tool script developed by the researcher 
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Figure 8-6. The main menu of EvoEnergy 
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Figure 8-7. EvoEnergy household transition module (above) and the script related to the transitions to single non-elderly 
households after 1 year (below) 
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Figure 8-8. A snapshot of the 3D model displayed upon launching EvoEnergy 
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Figure 8-9. Once the mouse is hovering over a particular dwelling, the projector will project a red selection box to 
the ground 
Figure 8-10. The physical module of EvoEnergy 
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Figure 8-11. The household energy history EvoEnergy module 
Figure 8-12. Household life cycle transition and energy prediction module (dwelling mode) 
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Figure 8-13. Household life cycle transition and energy prediction module (urban mode) 
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Figure 8-14. An example of a Unity menu with a screen space (camera perspective) Canvas 
Figure 8-15.An example of a Unity menu with a screen space (Overlay) Canvas 
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Table 9-1. Summary of common factors affecting transitions to single non-elderly household 
 Single non-elderly 0-5 years Impact Single non-elderly 5-10years Impact 
Key 
influencing 
factors 
Living as cohabitating couple + Householder age - 
Householder age  - Single non-elderly - 
Single non-elderly  +/- Annual benefit income - 
Household size  - Gross annual income - 
Living in terraced houses + 
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Table 9-2.Summary of common key factors affecting transitions to couple without children households 
 Couple without children 0-5 
years 
Impact Couple without children 5-
10years 
Impact 
Key 
influencing 
factors 
Couple with children  -/+ Couple with children  + 
Other households + Separated + 
Divorced  - Never-married + 
Widowed  - Age of householder + 
Never-Married - Higher-grade professionals _ 
Age of householder  + Semi-skilled manual workers _ 
On pension  + Annual benefit income _ 
Gross annual income + 
Annual benefit income - 
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Table 9-3.Summary of common key factors impacting the transitions to couple with children households 
 Couple with children 0-5 years Impact Couple with children 5-
10years 
Impact 
Key 
influencing 
factors 
Aged between 26 and 35 _ Aged between 36 and 45 + 
Aged between 46 and 55 + Aged between 46 and 55 + 
Living as cohabitating couple _ Living as cohabitating 
couple 
_ 
Divorced  _ Higher-grade professionals + 
Never-married _ On benefit  + 
Living in a detached house + Annual benefit income  + 
Living in a semi-detached house + 
Living in a terraced house  _ 
Living in a purpose built flat _ 
Dwelling owned outright + 
Higher-grade professionals + 
Lower-grade professionals -/+ 
Annual benefit income + 
Annual investment income _ 
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Table 9-4.Summary of common key factors impacting the transitions to lone parent households 
 Lone parents 0-5 years Impact Lone parents 5-10years Impact 
Key 
influencing 
factors 
Single non-elderly  -/+ Single non-elderly  + 
Couple with children  _ Female + 
Female  + Aged between 26 and 35 + 
Divorced  + Dwelling rented from local 
authorities 
_ 
Aged between 46 and 55 + Higher-grade professionals _ 
Household size + Skilled manual workers + 
Living in end-terraced houses + Working full-time  _ 
Living in terraced houses + 
On pension  _ 
Annual benefit income + 
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Table 9-5. Summary of the impact of household transitions on electricity and gas consumption 
Transition to 
/ years 
 
Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10 
            
Single non-
elderly 
Electricity 
          
Gas 
          
            
Couple without 
children  
Electricity 
          
Gas 
          
            
Couple with 
children  
Electricity 
          
Gas 
          
            
Lone parent  Electricity           
Gas 
          
            
 
 
 
                Positive significant association                                            Negative significant association 
                  Insignificant association 
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Table 9-6. Summary of the effect of household transitions on their yearly electricity consumption 
Transition target Average annual change in 
the next 1-5 years 
Average annual change in the 
next 6-10 years 
Single non-elderly  10.7% 3.64% 
Couple without children 16.28% 3.86% 
Couple with children  26% 6.20% 
Lone parents  13.87% -5.8% 
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Figure 9-1. Main components of EvoEnergy 
 
 
 
 
 
 
 
Figure 9-2. Summary of a particular household energy usage and socioeconomic profile on mouse hover 
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Figure 9-3. Household life cycle transition and energy prediction module (dwelling mode) 
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Table 9-8Table 9-9  
Table 9-10
Table 9-7
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Table 9-7. Comparison between the actual and estimated annual electricity usage of the three households 
 EPC yearly estimated 
electricity (KWh) 
EvoEnergy predicted 
annual electricity 
(KWh) 
Difference 
Householder 1 3115 3023.522 -2.94% 
Householder 2 4856 4634.717 -4.56% 
Householder 3 2800 2935.418 +4.61% 
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Table 9-8.Demographic, socio-economic, and energy related characteristics of household number 1 
H
o
u
seh
old
er 1
 
 Input Value 
Demographic characteristics Household type  Single non-elderly 
Householder age  35 
Household size 1 
Marital status  Never-married 
Socio-economic 
characteristics 
Employment mode Part-time  
Goldthorpe class  Skilled manual worker 
Income band 20,000 - £25,000 
Benefit income band 0 – £5,000 
Level of education Vocational college 
Dwelling characteristics Dwelling type  End-terraced 
bungalow 
Year of built 1969 
Number of bedrooms 1 
Number of stories 1 
Floor area  50 m2 
Tenure type  Rented from local 
authorities 
Monthly rent 290 
HVAC and energy 
expenditure 
Has central heating  yes 
Main heating fuel  Gas 
Bills included in the rent  No 
Type of electricity tariff Pre-Payment
Reported energy figure 10-£15 per week 
EPC Estimated yearly 
electricity usage  
3115 KWh 
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Table 9-9.Demographic, socio-economic, and energy related characteristics of household number 2 
H
o
u
seholder 2
 
 Input Value 
Demographic characteristics Household type  Single non-elderly 
Householder age  22 
Household size 1 
Marital status  Never-married 
Socio-economic 
characteristics 
Employment mode Part-time  
Goldthorpe class  Routine non-manual 
Income band 0 – £10,000 
Benefit income band 0 – £5,000 
Level of education Higher education 
Dwelling characteristics Dwelling type  Terraced 
Year of built 1969 
Number of bedrooms 2 
Number of stories 1 
Floor area  70 m2 
Tenure type  Rented from private 
landlord 
Monthly rent £345 
HVAC and energy 
expenditure 
Has central heating  yes 
Main heating fuel  Electricity 
Bills included in the rent  No 
Type of electricity tariff    Direct-debit 
Reported energy figure £15 per week 
EPC estimated yearly 
electricity usage 
4856 KWh 
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Table 9-10.Demographic, socio-economic, and energy related characteristics of household number 3 
H
o
u
seholder 3
 
 Input Value 
Demographic characteristics Household type  Single non-elderly  
Householder age  30 
Household size 2 
Marital status  Never-married 
Socio-economic 
characteristics 
Employment mode Part-time  
Goldthorpe class  Semi-unskilled 
manual worker 
Income band 0 – £10,000 
Benefit income band 0 – £5,000 
Level of education  
Dwelling characteristics Dwelling type  Converted flat  
Year of built 1969 
Number of bedrooms 2 
Number of stories 1 
Floor area  70 m2 
Tenure type  Rented from local 
authorities 
Monthly rent £350 
HVAC and energy 
expenditure 
Has central heating  yes 
Main heating fuel  Gas 
Bills included in the rent  No 
Type of electricity tariff    Direct-debit 
Reported electricity figure £8.5 per week 
EPC estimated yearly 
electricity usage 
2800 KWh 
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Figure 9-4. The estimated transition and annual electricity usage of household one by EvoEnergy 
Figure 9-5.The estimated transition and annual electricity usage of household two by EvoEnergy 
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Figure 9-6.The estimated transition and annual electricity usage of household three by EvoEnergy 
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Table A. 1.Shows the different types of calibration and provides some examples on each category. 
Calibration Category Example of case studies 
Manual, iterative and pragmatic intervention 
 
 
(Kaplan, McFerran et al. 1990);    
 
(Diamond, Hunn 1981) 
 
(Hunn, Banks et al. 1992) 
 
A suite of informative graphical comparative display   
(Haberl, Bou-Saada 1998) 
 
(Bronson, Hinchey et al. 1992) 
 
(Haberl, Sparks et al. 1996) 
 
Special tests and analytical procedures  
(Manke, Hittle et al. 1996) 
 
(Liu, Claridge 1998) 
 
Analytical/mathematical methods of calibration  
(Sun, Reddy 2006) 
 
(Westphal, Lamberts 2005) 
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Figure A. 1.Carpet-Contour plot showing mean value of HVAC consumption against hour of day and month of year 
adopted by Raftery (2011). 
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Figure A. 2.The energy estimation process adopted by (Jones, Lannon et al. 2001) 
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Figure A. 3.Expected energy consumption and CO2 emission of Neath Talbot residential sector before (a) and after (b) 
physical measures have been applied. 
 
 
Figure A. 4.The energy estimation process adopted by Heiple and Sailor (2008) 
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Table A. 2.Reliability and consideration of occupancy factors of (Jones et al. 2001; Heiple, and Sailor 2008). 
Researchers  Reliability Time -
effectiven
ess 
Occupancy 
schedule 
Demographic 
Socioeconomic 
Variation 
Drawbacks 
(Jones et al. 
2001) 
Highly 
questionable 
low Not 
acknowledged 
Not considered -Archetypes 
not generated 
according to 
social aspects 
(e.g. 
occupancy) 
 
-Lack of 
validation 
process  
 
-Inaccurate 
data collection 
methods 
 
(Heiple and 
Sailor 2008) 
Fairly 
Reliable 
low Standard 
(typical) 
Not considered Archetypes not 
generated 
according to 
social aspects 
(e.g. 
occupancy) 
 
-EUI values of 
different 
household 
sizes were 
assumed to be 
identical  
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Figure A. 5.LOD0 structure (Gröger and Plümer 2012). 
 
 
Figure A. 6.LOD1 geometric and sematic representation (Gröger and Plümer 2012). 
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Figure A. 7.LOD2 geometric and sematic representation (Gröger and Plümer 2012). 
 
 
 
 
Figure A. 8.geometric and sematic representation of LOD3 (Gröger and Plümer 2012) 
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Figure A. 9.Geometric and sematic representation of LOD4 (Gröger and Plümer 2012) 
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Table A. 3.Relevant IFC classes that can be transformed to CityGML 
IFC class CityGML Type 
Ifc Building Building 
Building address Address 
IfcWall Wallsurface/ Interior Wallsurface 
IfcWindow Window 
IfcDoor Door 
IfcSlab RoofSurface or FloorSurface( depending on the 
storey location) 
IfcRoof RoofSurface 
IfcColumn Column 
IfcFurnishingElement BuildingFurniture 
IfcFlowTerminal FlowTerminal 
IfcBeam Beam 
IfcSpace Room 
IfcStair Stair 
IfcRailing Railing 
IfcAnnotation Annotation 
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Figure A. 10. Structure and geometric representation of CityGML LOD4 and IfcBuilding 
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Table A. 4.semantic mapping and transformation steps from IFC to CityGML adopted from (El-Mekawy et al., 2011). 
IFC Elements Transformation details CityGML Feature 
types 
IFCOpening 
Element Checking the relation IFC_RelFillsElement of 
IFC0peningElement with the IFCDoor or 
IFCWindow element: then the properties of 
IFCDoor or IFCWindow are attached to the 
respective IFCOpeningElement. 
IFC0peningElement is converted into Door or 
Window MultiSurface geometries in CityGML  
 
Window MultiSur-
faces 
 
Door MultiSurfaces 
IFCSpace IFCSpace geometry, which often is a parametric 
geometry in IFC is converted into boundary 
representation geometry and translated into a 
Room feature (LoD4Solid) in CityGML. 
ROOM 
IFCSpace IFCSpace is converted into multiSurfaces. 
Based on the height and relative altitude of 
IFCSpace the decision about each surface is 
taken, whether it is a CeilingSurface or a 
FloorSurface. If the height is between specific 
thresholds, then it is tagged as 
InteriorWallSurface. Furthermore, Window and 
Door surfaces are deducted from 
InteriorWallSurfaces. 
FloorSurface 
CeilingSurface 
InteriorWallSurface 
IFCWall IFC-Wall is converted into multisuifaces. The 
multiswfaces are translated to WatiSurfaces in 
CitvGML, which represent the exterior shell of 
the building and have no connection to the 
Room feature type 
Wall-Surfaces 
IFCStairs 
IFCBeam 
IFCColumn 
The IFCStairs, IFCBeam, and IFCColumn, are 
translated into multisurface boundary 
geometries in CityGML Moreover, IFC 
elements, which are within a specific room are 
transformed into IntBuildingInstallation,  
IntBuildingInstallation 
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Figure A. 11.Building space definition in IFC and CityGML 
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Figure A. 12.Doors and windows in IFC 
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Figure A. 13.Door and windows in CityGML 
 
 
 
 
 
 
 
Figure A. 14.Roof and slabs in IFC and CityGML 
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Figure A. 15.Walls representation in IFC(left) and CityGML(right) 
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Figure A. 16.Mixed-methods embedded design, (Creswell, 2013). 
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Figure A. 17.The Mixed-methods explanatory design, (Creswell, 2013). 
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Figure A. 18.The Mixed-methods exploratory design, (Creswell, 2013). 
 
 
  374                                                                     Appendix 
 
 
 
Figure A. 19.The convergence model (Tashakkori and Teddlie, 2010) 
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Figure A. 20.The transformation model (Tashakkori and Teddlie, 2010) 
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Figure A. 21.The validating quantitative (Tashakkori and Teddlie, 2010) 
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Figure A. 22.The multilevel model (Tashakkori and Teddlie, 2010) 
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Figure A. 23.common BHPS wave's folder structure 
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Select only households 
who were single non-
elderly in 1991 
Figure A. 24.case filtering feature in SPSS 
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Figure A. 25.The principle of reshaping panel data structure from wide to long format using SPSS 
 
 
     Figure A. 26.The UK average domestic electricity price per unit (KWh) in pounds from 1991 to 2008. 
 
ID Variable1.
1991
Variable
n.1991
Variable1.
1992
Variable 
n.1992
1
2
3
ID WAVE Variable 1 Variable n
1 1991
1 1992
2 1991
2 1992
3 1991
3 1992
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            Figure A. 27.The UK average domestic gas prices per unit (KWh) in pence from 1991 to 2015 
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  Figure A. 28.UK domestic energy demand breakdown (DECC, 2012b). 
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Table A. 5.The frequency table of the variable household type in the BHPS dataset 
Household Type 
 Frequency Percent Valid Percent 
Cumulative 
Percent 
Valid Single Non-Elderly 3767 52.5 52.5 52.5 
Single Elderly 1136 15.8 15.8 68.3 
Couple No Children 1021 14.2 14.2 82.5 
Couple: dep children 820 11.4 11.4 93.9 
Couple: non-dep children 114 1.6 1.6 95.5 
Lone par: dep children 87 1.2 1.2 96.7 
Lone par: non-dep children 111 1.5 1.5 98.3 
2+ Unrelated adults 85 1.2 1.2 99.5 
Other Households 38 .5 .5 100.0 
Total 7179 100.0 100.0  
Figure A. 29.the categorical variable household type before and after being recoded 
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           Figure A. 30.the histogram of annual household income before normalisation 
 
( )
( )
 
 𝐹𝑈 + 1.5(𝐹𝑈 − 𝐹𝐿) (Equation A. 1) 
 𝐹𝐿 − 1.5(𝐹𝑈 − 𝐹𝐿) (Equation A. 2) 
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          Figure A. 31.The histogram of annual household income after normalisation using log 10 
 
 
  
            Figure A. 32.The Q-Q plot of the variable log 10 annual household total income 
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           Figure A. 33.The variable household annual gas consumption before normalisation 
 
Figure A. 34.The variable household annual gas consumption before normalisation using square root 
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            Figure A. 35.The Q-Q plot of the variable square root of annual gas consumption 
 
 
 
Figure A. 36.Whisker and box plot of the variable log 10 household annual electricity consumption before cleaning 
outliers 
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Figure A. 37.Whisker and box plot of the variable log 10 household annual electricity consumption before cleaning 
outliers 
 
 
Figure A. 38.The Overall summary of missing data in the BHPS database. 
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Figure A. 39.The proportion of males and females in the BHPS dataset 
 
 
         Figure A. 40.The marital status distribution of the participants 
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Figure A. 41.Age distribution of the BHPS respondents 
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Figure A. 42.household income distribution in year 1991 
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          Figure A. 43.Households annual electricity consumption by income band 
 
 
Table A. 6.households’ yearly electricity consumption in function of their income bands (year 1991) 
 
 
 
 
 
annual household electricity consumption 
Less than 
1000 KWh 
1000-
2000 KWh 
2000-
3000 KWh 
3000-
4000 KWh 
4000-
5000 
KWh 
More than 
5000 KWh 
 less than 10000£ 
3.5% 22.8% 26.6% 18.9% 10.6% 17.6% 
10000-20000 £  
6.5% 29.3% 24.7% 19.5% 5.1% 14.9% 
 
20000-30000£  
3.8% 32.1% 17.0% 26.4% 7.5% 13.2% 
 
30000-40000£  
0.0% 50.0% 0.0% 30.0% 0.0% 20.0% 
 
40000-50000£  
0.0% 0.0% 0.0% 0.0% 100.0% 0.0% 
 
more than 50000£  
33.3% 16.7% 16.7% 16.7% 0.0% 16.7% 
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Figure A. 44..Households annual gas consumption by income band 
 
 
 Figure A. 45.The household annual gas consumption by the type of main heating fuel 
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Figure A. 46. The distribution of education level among the BHPS single non-elderly households 
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Figure A. 47. The distribution of single non-elderly BHPS households by socio-economic class 
 
Table A. 7.outlines the households’ education levels in function of their Goldthorpe socio-economic profile 
 
Goldthorpe Social Class: present job 
N
ot A
pplicable
 
S
ervice
 class, 
high
er g
rad
e
 
S
ervice
 class, 
lo
w
er g
rad
e
 
R
o
utin
e
 n
o
n
-
m
an
u
al 
em
ploy
ees
 
P
erso
n
al service
 
w
o
rk
ers
 
S
m
l p
rop
s w
 
em
ploy
ees
 
S
m
l p
rop
s w
/o
 
em
ploy
ees
 
F
arm
ers, 
S
m
allh
old
ers
 
F
o
rem
an
,
 
Tech
nician
s
 
Skilled
 m
an
u
al 
w
o
rk
ers
 
S
em
i,
 u
n
skilled
 
m
an
u
al w
o
rk
ers
 
A
g
ricultu
ral 
w
o
rk
ers
 
 
Higher 
Degree 
 
7.7% 
69.2
% 
23.1
% 
0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
1st Degree  
8.7% 
52.2
% 
33.3
% 
2.9% 0.0% 1.4% 1.4% 0.0% 0.0% 0.0% 0.0% 0.0% 
HND, 
HNC, 
Teaching 
 
10.8% 
18.9
% 
54.1
% 
0.0% 2.7% 0.0% 2.7% 0.0% 5.4% 2.7% 2.7% 0.0% 
A Level  
22.4% 
17.2
% 
31.0
% 
6.0% 3.4% 0.9% 5.2% 0.0% 6.9% 5.2% 0.9% 0.9% 
O Level  
15.8% 
11.5
% 
25.2
% 
20.9% 2.9% 1.4% 5.0% 0.7% 7.9% 4.3% 3.6% 0.7% 
CSE  
16.7% 0.0% 
16.7
% 
4.2% 4.2% 0.0% 16.7% 0.0% 0.0% 
16.7
% 
20.8
% 
4.2% 
None of 
These 
 
51.5% 2.5% 4.0% 2.0% 2.0% 1.5% 5.1% 1.0% 6.6% 5.1% 
17.2
% 
1.5% 
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Figure A. 48. The distribution of BHPS households dwelling types 
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Figure A. 49.The dwelling size of the studied BHPS households 
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Figure A. 50. The distribution of the studied BHPS households by dwelling tenure 
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Table A. 8. Highlights the BHPS household tenure modes in function of their dwelling types 
 
 
 
HSTYPE_NEW.1991: Simplified dwelling type 
D
et'd
 h
o
u
se/b
u
ng
alo
w
 
S
em
i
-d
et'd
 
h
o
u
se/b
u
ng
alo
w
 
End
 terraced
 h
o
u
se
 
Terraced
 h
o
u
se
 
P
u
rp
o
se
 b
uilt flat
 
 
 o
r 
m
aiso
n
ette
 
Co
n
v
erted
 flat 
 
 
 
 
 o
r 
m
aiso
n
ette
 
O
th
er
 
 Owned outright  
27.0% 27.0% 9.5% 17.5% 14.3% 0.0% 4.8% 
Owned with mortgage  11.7% 21.9% 8.6% 25.4% 24.2% 7.8% 0.4% 
Local authority rented  3.4% 11.8% 10.1% 9.2% 59.7% 4.2% 1.7% 
Housing association rented  0.0% 4.5% 0.0% 4.5% 45.5% 9.1% 36.4% 
Rented from employer  14.3% 35.7% 0.0% 0.0% 7.1% 7.1% 35.7% 
Rented from private 
Landlord 
 
4.8% 9.5% 1.9% 20.0% 19.0% 28.6% 16.2% 
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Figure A. 51. Illustrates the change in the mean annual income of single non-elderly household in the BHPS database 
between 1991 and 2008. 
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Figure A. 52.The percentage of annual break up rates between couples in function of the length of relationship in 
years (Rosenfeld, 2014). 
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Table A. 9.Logistic regression transition models to single non-elderly households in the next 3 and 4 years, (part1) 
  (year 3) (year 4) 
  Single non-elderly Single non-elderly 
    
M
arital status
 
Cohabiting couples 5.290*** 2.31*** 
 (1.880) (0.87) 
   
Widowed - 0.280 
  (0.211) 
   
Separated  - 0.152 
  (0.152) 
   
Never Married 2.192 - 
  (1.029)  
    
A
ge and household 
type
 
Householder Age 0.629*** 0.528*** 
 (0.0163) (0.0193) 
   
Single non-elderly 1.385 0.231*** 
 (0.454) (0.0955) 
   
Lone parent  - 0.530 
  (0.369) 
Household size 0.527*** 0.559** 
  (0.0988) (0.119) 
 Terraced house 2.188* 2.746** 
A
ccom
m
odation related variables
 
 (0.709) (1.065) 
Purpose built flat or 
maisonette 
1.703 1.659 
 (0.605) (0.776) 
Dwelling size - - 
   
   
Owned outright 1.618 1.900 
 (0.530) (0.744) 
   
Rented from housing 
associations 
0.313 0.264 
  (0.238) (0.219) 
Note:  standard errors in parentheses              *Significance at the 95% level     **Significance at the 99% level     
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Table A. 10.Logistic regression transition models to single non-elderly households in the next 3 and 4 years, (part2) 
  (year 3) (year 4) 
  Single non-elderly Single non-elderly 
    
    
Socio
-eco
n
o
m
ic cla
ss v
a
riables
 
Higher-grade 
professionals 
- 2.386* 
  (0.960) 
   
Lower-grade 
professionals 
- 2.105* 
  (0.695) 
   
Routine non-manual 
employees  
0.437* - 
 (0.164)  
Foreman or technicians - - 
   
Personal service workers - - 
   
Small proprietors with 
employees  
- 6.21* 
  (5.66) 
Incom
e related 
v
a
riables
 
Log 10 total income 0.306* 0.593 
 (0.145) (0.287) 
   
Receiving benefit 0.505* 0.447 
 (0.136) (0.145) 
 McFadden’s R2 0.533 0.591 
    
 Type of employed models Fixed-effects  Fixed-effects 
    
 Sample size  2631 2302 
Note:  standard errors in parentheses         *Significance at the 95% level     **Significance at the 99% level     
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Figure A. 53. illustrates the socio-economic class profile of different working UK household types (ONS, 2015d). 
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Table A. 11.Logistic regression transition models to single non-elderly households in the next 6, 7, 8, and 9 years. 
(part1) 
  (year 6) (year 7) (year 8) (year 9) 
  
Single non-
elderly 
Single non-
elderly 
Single non-
elderly 
Single non-
elderly 
      
M
arital 
status
 
Cohabiting couples -  - 0.295* 
    (0.166) 
     
Separated  0.303 3.187 8.788 - 
 (0.327) (2.777) (7.690)  
     
Never Married - 3.771 - 1.933 
   (2.767)  (1.625) 
      
H
ousehold age a
nd type
 
Householder Age 0.552*** 0.45*** 0.424*** 0.423*** 
 (0.0217) (0.0204) (0.0233) (0.0243) 
     
Single non-elderly 0.0557*** 0.0123*** 0.0145*** 0.165* 
 (0.0232) (0.00605) (0.00983) (0.122) 
Couple without 
children 
- - 2.515 3.362 
   (1.438) (1.764) 
Lone parent  - - 2.456 - 
   (2.058)  
Other households 0.449    
  (0.426)    
A
ccom
m
odation related variables
 
Purpose built flat or 
maisonette 
0.127*** 0.333* - 0.293 
 (0.0672) (0.179)  (0.251) 
Converted flat or 
maisonette 
 0.0246***  0.153*  0.285 
 (0.0233) (0.116) (0.231)  
Terraced dwelling - - - 0.472 
    (0.238) 
Other accommodations - 0.325 - 0.117** 
  (0.251)  (0.0962) 
Dwelling size 0.879 0.833 0.695* - 
 (0.105) (0.109) (0.0982)  
Owned outright - 0.389* - - 
  (0.197)   
Rented from authorities 2.168 - - 3.478 
 (1.490)   (3.260) 
Rented from private 
landlord 
- - - 3.441 
    (2.454) 
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Table A. 12.Logistic regression transition models to single non-elderly households in the next 6, 7, 8, and 9 years. 
(part2) 
  (year 6) (year 7) (year 8) (year 9) 
  Single non-
elderly 
Single non-
elderly 
Single non-
elderly 
Single non-
elderly 
      
Socio
-eco
n
o
m
ic cla
ss related variables
 
Higher-grade 
professionals 
1.362 - 3.906** - 
 (0.485)  (1.809)  
     
Lower-grade 
professionals 
- 1.493 2.625* - 
  (0.501) (1.065)  
     
Routine non-manual 
employees  
- 0.417*   
  (0.196)   
Foreman or 
technicians 
- - 3.046* 2.728 
   (1.781) (1.828) 
Personal service 
workers 
- -  0.0861 
    (0.123) 
Small proprietors 
with employees  
4.829 0.0334** - 0.0377* 
 (1.76) (0.0430)  (0.0684) 
Farmers/ small 
holders  
4.432    
 (5.983)    
Incom
e related variables
 
Working full-time - - 1.647 - 
   (0.799)  
Log 10 total annual 
household income 
0.850 0.650 0.191** 0.148*** 
 (0.403) (0.297) (0.115) (0.0834) 
Receiving benefit  1.711 1.810 2.425* - 
 (0.552) (0.625) (1.055)  
Square root 
household annual 
benefit income 
0.989* 0.990* 0.993* 0.998* 
 (0.00551) (0.00463) (0.00459) (0.00532) 
 Mc Fadden’s R2 0.466 0.577 0.590 0.571 
 Type of used model Fixed-effects  Fixed-effects Fixed-effects Fixed-effects 
 Sample Size 1534 1902 1612 1363 
Note:  standard errors in parentheses              *Significance at the 95% level     **Significance at the 99% level     
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Table A. 13. Logistics regression models of transition to couple without children households in the next 2, 3, and 4 
years (Part1) 
  (Year 2) (Year 3) (Year 4) 
H
ousehold age a
nd type variables
 
 Couple No Couple No Couple No 
Not main householder - - - 
    
Age of the householder 1.079*** 1.126*** 1.179*** 
 (0.0244) (0.0259) (0.0284) 
Couple with children  0.132*** 0.379** - 
 (0.0388) (0.117)  
Lone parent  0.155 0.307 0.289 
 (0.199) (0.305) (0.381) 
Other households  3.745* 3.894* 3.576* 
 (2.474) (2.455) (2.443) 
M
arital status
 
Divorced  0.116*** 0.245*** 0.361* 
 (0.0445) (0.0926) (0.176) 
Widowed 0.0257*** 0.124** 0.189 
 (0.0226) (0.0948) (0.186) 
Separated  0.292** - 1.883 
 (0.129)  (1.137) 
Never Married 0.0864*** 0.221*** 0.472* 
 (0.0273) (0.0740) (0.180) 
Note: Couple No= couple without children / standard errors in parentheses    
*Significance at the 95% level     **Significance at the 99% level     
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Table A. 14.Logistics regression models of transition to couple without children households in the next 2, 3, and 4 
years (Part2) 
  (Year 2) (Year 3) (Year 4) 
D
w
elling related v
a
riables
 
 Couple No Couple No Couple No 
Dwelling owned with 
mortgage  
0.551* 0.741 - 
 (0.141) (0.211)  
Renting from local 
authorities 
0.283 - - 
 (0.211)   
Renting from housing 
associations 
0.0966 - - 
 (0.132)   
Renting from employer 0.0343 - - 
 (0.0648)   
Renting from private 
landlords 
- 0.562 0.617 
  (0.282) (0.287) 
Dwelling size - - - 
    
Socio
-eco
n
o
m
ic cla
ss related variables
 
Personal service workers 0.587 - 6.018* 
 (0.378)  (5.038) 
Routine Non-manual     
    
Foremen technicians - 2.589*  
  (1.185)  
Small proprietors with 
employees 
0.370 0.262  
 (0.318) (0.230)  
Small proprietors without 
employees 
0.769 0.675 0.604 
 (0.384) (0.362) (0.379) 
Farmers/ smallholders    5.131 
   (5.850) 
Skilled manual workers   3.289* 
   (1.780) 
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Table A. 15.Logistics regression models of transition to couple without children households in the next 2, 3, and 4 
years (Part3) 
  (Year 2) (Year 3) (Year 4) 
Incom
e related variables
 
 Couple No Couple No Couple No 
 On Pension  5.688*** 4.576** 7.07*** 
 (2.938) (2.325) (2.768) 
On Benefit    
    
Square root of total 
household annual income  
1.027** 1.021* 1.007* 
 (0.00885) (0.00867) (0.00317) 
Square root of household 
annual benefit income  
0.977*** 0.978*** 0.970*** 
 (0.00539) (0.00556) (0.00590) 
Square root of household 
labour income 
0.986* 0.989 - 
 (0.00702) (0.00709)  
Working Full-time 0.694 0.592 0.437** 
 (0.197) (0.167) (0.138) 
 Mc Fadden’s R2 0.367 0.345 0.285 
 Type of used model Fixed-effects Fixed-effects Fixed-effects 
 Sample Size 1518 1359  1143 
Note: Couple No= couple without children / standard errors in parentheses    
*Significance at the 95% level     **Significance at the 99% level     
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Table A. 16.Logistics regression models of transition to couple without children households in the next 6, 7, 8, and 9 
years (Part1) 
  (Year 6) (Year 7) (Year 8) (Year 9) 
M
arital status / h
o
u
sehold age a
nd type 
v
a
riables
 
 Couple No Couple No Couple No Couple No 
Couple with children  3.795*** 7.022*** 5.242** 1.848 
 (1.525) (3.435) (2.958) (1.068) 
Lone parent  0.319 0.220 0.157 0.169 
 (0.332) (0.232) (0.176) (0.189) 
Separated  8.771** 10.74*** 3.729* 1.02896 
 (6.280) (7.570) (2.408) (0.8783) 
Never Married 2.117* 3.378* 6.063* 7.561* 
 (1.054) (2.085) (5.335) (7.433) 
Age of the householder 1.092*** 1.218*** 1.302*** 1.419*** 
 (0.0282) (0.0340) (0.0419) (0.0564) 
D
w
elling type variables
 
Terraced Dwelling 1.830    
 (0.874)    
Purpose built flat  2.477 0.647 0.512 0.244 
 (1.385) (0.377) (0.3933) (0.227) 
Converted flat  4.413* 1.449 0.564 0.395 
 (2.966) (0.958) (0.517) (0.410) 
 (0.203)  (2.029) (3.080) 
Note: Couple No= couple without children / standard errors in parentheses    
*Significance at the 95% level     **Significance at the 99% level     
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Table A. 17.Logistics regression models of transition to couple without children households in the next 6, 7, 8, and 9 
years (Part2) 
  (Year 6) (Year 7) (Year 8) (Year 9) 
  Couple No Couple No Couple No Couple No 
Socio
-eco
n
o
m
ic cla
ss related variables
 
Higher-grade professionals  0.267*** 0.452* 0.261** 0.310** 
 (0.0903) (0.147) (0.110) (0.137) 
Lower-grade professionals 0.342*** 0.616 0.460 0.316** 
 (0.110) (0.186) (0.186) (0.137) 
Routine Non-manual  0.545  0.345* 0.369 
 (0.224)  (0.174) (0.197) 
Foremen technicians 0.280* 0.286* 0.293 0.299 
 (0.145) (0.164) (0.198) (0.219) 
Small proprietors with 
employees 
0.258 0.416 0.271 0.166 
 (0.224) (0.367) (0.248) (0.191) 
Small proprietors without 
employees 
 3.646 2.192  
  (2.412) (1.453)  
Semi-skilled manual 
workers 
0.207** 0.286* 0.168** 0.0661** 
 (0.116) (0.164) (0.114) (0.0564) 
Incom
e related variables
 
 On Pension  2.326 4.125* 0.770 0.371 
 (1.139) (2.369) (0.517) (0.277) 
On Benefit  0.458* 0.699 1.22 
  (0.144) (0.238) (0.4384) 
Square root of household 
annual benefit income  
0.990** 0.996* 0.997* 0.994* 
 (0.00346) (0.00331) (0.00324) (0.00284) 
Working Full-time 0.441* 0.474* 0.896 1.22 
 (0.143) (0.157) (0.334) (0.509) 
 Mc Fadden’s R2 0.213 0.195 0.188 0.180 
 Type of used model Fixed-
effects  
Fixed-
effects 
Fixed-
effects 
Fixed-
effects 
 Sample Size 1107   1096  924 776 
Note: Couple No= couple without children / standard errors in parentheses    
*Significance at the 95% level     **Significance at the 99% level     
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Table A. 18. The accommodation profile of different UK household types (ONS, 2011b). 
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Table A. 19.Logistics regression models of transition to Lone parent households in the next 2, 3, and 4 years (Part1) 
  (Year 2) (Year 3) (Year 4) 
  Lone parent Lone parent  Lone parent 
A
ccom
m
odation related variables
 
Renting from private landlords  8.558** 1.034 4.234 
 (5.826) (0.7122) (3.873) 
Dwelling owned with mortgage  2.536 - 0.478 
 (1.219)  (0.327) 
Renting from local authorities - 0.275* 1.258 
  (0.169) (1.1967) 
Living in end-terraced dwellings  5.469* 2.918* 3.959* 
 (3.799) (1.865) (3.334) 
Living in terraced dwellings 2.089 2.240* 4.541* 
 (1.046) (1.106) (3.208) 
Living in purpose built flats - - 12.02** 
   (10.16) 
Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Table A. 20.Logistics regression models of transition to Lone parent households in the next 2, 3, and 4 years (Part2) 
  (Year 2) (Year 3) (Year 4) 
H
ousehold type,
 gend
er a
nd m
a
rital status
 
 Lone parent Lone parent  Lone parent 
Single non-elderly  0.206** 0.882 4.061* 
 (0.116) (0.450) (2.936) 
Couple without children 0.0283*** 0.354  
 (0.0284) (0.278) - 
Couple with children  0.0308*** 0.0117*** 0.120 
 (0.0258) (0.0122) (0.142) 
Female  3.47* 3.07* - 
 (2.420) (2.23)  
Divorced  2.567* 3.158* 4.334* 
 (1.529) (1.806) (4.064) 
H
ouseholder age
 a
nd household 
size variables
 
Aged 26-35 - - 0.342 
   (0.251) 
Aged 36-45 1.222 - 1.212 
 (0.610)  (1.39) 
Aged 46-55 5.345** 2.896** 1.015 
 (2.819) (1.165) (0.7341) 
Household size 2.548** 3.483*** 3.004* 
 (0.790) (1.057) (1.457) 
Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
 
 
 
 
 
 
 
  437                                                                     Appendix 
 
 
Table A. 21.Logistics regression models of transition to Lone parent households in the next 2, 3, and 4 years (Part3) 
  (Year 2) (Year 3) (Year 4) 
Socio
-eco
n
o
m
ic cla
ss v
a
riables
 
 Lone parent Lone parent Lone parent 
Higher-grade professionals - 0.370 - 
  (0.238)  
Routine non-manual 
employees  
5.124* 1.9120 0.218 
 (3.410) (1.24) (0.268) 
Personal service workers  6.713 - - 
 (7.406)   
Farmers/small holders  - 0.00462** 0.0756 
  (0.00820) (0.126) 
Foreman technicians  6.181 3.777 19.22* 
 (6.337) (3.482) (25.03) 
Skilled manual workers  0.174 - - 
 (0.207)   
Incom
e related variables
 
On Pension  0.202* 0.111** 0.125* 
 (0.152) (0.0763) (0.158) 
Receiving benefit  0.443 2.692 - 
 (0.257) (1.378)  
Square root of total annual 
benefit income  
1.030*** 1.012* 1.014* 
 (0.00821) (0.00556) (0.00786) 
Square root of annual 
investment income  
0.988 - - 
 (0.00875)   
Working full-time - - 0.125 
   (0.158) 
 McKelvey & Zavoina's 
R2/ Mc Fadden’s R2 
0.268 0.231 0.197 
 Type of the used model Random effect Random effect Fixed- effect 
 Sample size 4597  4128  300 
Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Figure A. 54. Illustrates the relationship between the length of marriage and divorce occurrence (ONS, 2013b) 
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Table A. 22.Logistics regression models of transition to Lone parent households in the next 6, 7, 8, and 9 years (Part1) 
  (Year 6) (Year 7) (Year 8) (Year 9) 
  Lone parent  Lone parent Lone parent  Lone parent 
H
ousehold type a
nd m
a
rital status 
v
a
riables
 
Single non-elderly  5.945** 4.289* 2.803* 3.058 
 (3.621) (2.785) (1.574) (1.999) 
Couple with children  0.221 2.915 - - 
 (0.234) (3.195)   
Female  3.175* 6.498* 3.360* 3.658* 
 (2.180) (5.102) (2.686) (3.757) 
Divorced  11.84*** 0.948 - - 
 (7.942) (0.705)   
Aged 26-35 5.413** 7.929** 5.975* - 
 (3.458) (5.405) (4.221)  
H
ouseholder age
 a
nd 
household size 
v
a
riables
 
Aged 36-45 - - - 0.237* 
    (0.168) 
Aged 46-55 - - - 0.162* 
    (0.128) 
Household size 1.712* 1.301* - - 
 (0.709) (0.151)   
Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Table A. 23.Logistics regression models of transition to Lone parent households in the next 6, 7, 8, and 9 years (Part2) 
  (Year 6) (Year 7) (Year 8) (Year 9) 
  Lone parent  Lone parent Lone parent  Lone parent 
A
ccom
m
odation related variables
 
Renting from private 
landlords  
- - 0.139 - 
   (0.193)  
Renting from local 
authorities 
0.124** 0.182* 0.152* 0.118* 
 (0.0992) (0.158) (0.142) (0.135) 
Rented from housing 
associations 
0.192 - - - 
 (0.194)    
Living in semi-
detached houses 
- 4.042* 1.677 - 
  (2.394) (0.915)  
Living in end-
terraced dwellings  
3.359 7.619* - - 
 (2.741) (7.006)   
Living in terraced 
dwellings 
1.382 - - - 
 (0.911)    
Living in purpose 
built flats 
4.464* - 2.408 0.111 
 (3.428)  (2.316) (0.144) 
Dwelling size 1.530* 1.904*** 1.767** - 
 (0.274) (0.370) (0.356)  
Square root monthly 
rent 
 0.965   
  (0.0325)   
Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Table A. 24.Logistics regression models of transition to Lone parent households in the next 6, 7, 8, and 9 years (Part3) 
  (Year 6) (Year 7) (Year 8) (Year 9) 
  Lone parent  Lone parent  Lone parent  Lone parent  
Socio
-eco
n
o
m
ic cla
ss v
a
riables
 
Higher-grade 
professionals 
0.272* 0.545 0.115* 0.219* 
 (0.205) (0.426) (0.129) (0.224) 
Routine non-manual 
employees  
0.522 - - - 
 (0.447)    
Small proprietors with 
employees  
- 3.119 5.036 23.31* 
  (3.259) (5.403) (32.44) 
Farmers/small holders  0.104 - - - 
 (0.167)    
Foreman technicians  - 0.336 - - 
  (0.375)   
Skilled manual workers  - 5.926 8.078* 36.48** 
  (5.694) (8.034) (44.14) 
Incom
e related 
v
a
riables
 
On Pension  0.697 0.642 0.742 0.156* 
 (0.504) (0.520) (0.459) (0.147) 
Square root of annual 
investment income  
0.982 0.986 0.991 - 
 (0.0108) (0.0114) (0.00999)  
Working full-time - - 0.3284* 0.415* 
   (0.18815) (0.269) 
 McKelvey & Zavoina's 
R2 
0.212 0.187 0.154 0.132 
 Type of the used model Random 
effect 
Random 
effect 
Random 
effect 
Random 
effect 
 Sample size 3235  3237   2867  2605 
Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Table A. 25.Logistics regression models of transition to Couple with children households in the next 2, 3, and 4 years 
(Part1) 
  (Year 2) (Year 3) (Year 4) 
  Couple CH2 Couple CH3 Couple CH4 
H
ousehold type a
nd 
householder age
 
Lone parent  7.513* 6.995* 6.412 
 (6.650) (6.349) (6.206) 
Other households  - 4.956 11.82** 
  (4.050) (10.46) 
Aged 26-35 0.147** 0.146** 0.150** 
 (0.0435) (0.0457) (0.0476) 
Aged 46-55 2.253* 2.804** 4.575** 
 (0.865) (1.035) (1.709) 
M
arital status and existence of a
 
household referen
ce p
erso
n
 
Cohabiting couples  0.129** 0.145** 0.169** 
 (0.0576) (0.0651) (0.0862) 
Divorced  0.00447** 0.00910** 0.0251** 
 (0.00484) (0.00892) (0.0255) 
Never Married  0.00264** 0.0163** 0.124** 
 (0.00203) (0.0127) (0.0908) 
Not main householder  2.807** 1.822 1.582 
 (1.102) (0.711) (0.640) 
Couple CH: couples with children / Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Table A. 26.Logistics regression models of transition to Couple with children households in the next 2, 3, and 4 years 
(Part2) 
  (Year 2) (Year 3) (Year 4) 
  Couple CH2 Couple CH3 Couple CH4 
A
ccom
m
odation related variables
 
Living in detached dwellings  3.708** 6.149** 4.812** 
 (1.814) (2.983) (2.445) 
Living is semi-detached 
dwellings 
1.694 3.792** 2.205* 
 (0.714) (1.711) (1.048) 
Living in Terraced dwellings  0.241** 0.576 0.217** 
 (0.125) (0.292) (0.116) 
Living in Purpose built flats  0.143** 0.233* 0.140* 
 (0.0869) (0.166) (0.121) 
Living in converted flats  0.0324** 0.0322* 0.391 
 (0.0410) (0.0473) (0.491) 
Dwelling owned outright 7.799** 2.690* 4.535** 
 (4.171) (1.313) (2.467) 
Dwelling Rented from 
employer 
0.0757* - - 
 (0.0978)   
Dwelling rented from local 
authorities 
- - 0.0874* 
   (0.0906) 
Dwelling rented from private 
landlords 
0.342 - - 
 (0.204)   
Couple CH: couples with children / Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Table A. 27.Logistics regression models of transition to Couple with children households in the next 2, 3, and 4 years 
(Part3) 
  (Year 2) (Year 3) (Year 4) 
  Couple CH2 Couple CH3 Couple CH4 
Socio
-eco
n
o
m
ic cla
ss v
a
riables
 
Higher-grade professionals  1.743* 3.196** 2.724* 
 (0.574) (1.263) (1.136) 
Lower-grade professionals  - 3.031** 5.117** 
  (1.208) (2.088) 
Routine non-manual 
employees 
3.302* 2.33** 4.62** 
 (1.765) (1.26) (2.036) 
Small proprietors with 
employees 
2.412 3.035 - 
 (1.877) (2.296)  
Small proprietors without 
employees 
- 9.822** 16.11** 
  (7.004) (12.56) 
Skilled manual workers 2.806 2.612 - 
 (1.932) (1.677)  
Foreman technicians - - 2.982 
   (1.731) 
Farmers/smallholders  - 10.39* 7.188* 
  (10.02) (6.543) 
Agriculture workers 0.0981 0.0562*  
 (0.188) (0.0804)  
Incom
e related 
v
a
riables
 
On benefit  2.393** 1.917* 1.628 
 (0.784) (0.635) (0.524) 
Square root of annual 
benefit income  
1.012* 1.032** 1.035** 
 (0.00714) (0.00785) (0.00751) 
Square root of annual 
investment income 
0.980* 0.966** 0.968** 
 (0.00832) (0.00838) (0.00823) 
 McFadden’s R2  0.495 0.450 0.430 
 Type of model Fixed effects Fixed effects Fixed effects 
 Sample size 1108  1024 918 
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Table A. 28.Logistics regression models of transition to Couple with children households in the next 6, 7, 8, and 9 years 
(Part1) 
  (Year 6) (Year 7) (Year 8) (Year 9) 
  Couple CH6 Couple CH7 Couple CH8 Couple CH9 
H
ousehold type a
nd 
householder age v
a
riables
 
Lone parent  - 3.794 - - 
  (3.415)   
Other households  5.507* - - - 
 (4.675)    
Aged 36-45 4.479** 3.744* 3.867* 2.465* 
 (1.621) (1.157) (1.352) (1.106) 
Aged 46-55 6.01** 5.54** 5.876** 4.987** 
 (2.01) (1.78) (1.568) (1.987) 
M
arital status variables
 
Cohabiting 
couples  
0.396* 0.365* 0.435** 0.362 
 (0.163) (0.155) (0.212) (0.227) 
Divorced  - 4.189* 10.99** 5.841 
  (2.764) (8.946) (5.371) 
Separated 4.629 - - - 
 (4.412)    
Never Married  - - 0.235 0.285 
   (0.219) (0.246) 
Couple CH: couples with children    / Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Table A. 29.Logistics regression models of transition to Couple with children households in the next 6, 7, 8, and 9 years 
(Part2) 
  (Year 6) (Year 7) (Year 8) (Year 9) 
  Couple CH6 Couple CH7 Couple CH8 Couple 
CH9 
A
ccom
m
odation related variables
 
Living in detached 
dwellings  
2.243* - - - 
 (0.990)    
Living is semi-
detached dwellings 
1.765 0.465* 0.291** 0.463 
 (0.711) (0.163) (0.139) (0.202) 
Living in Terraced 
dwellings  
- 0.215** 0.390* 2.455 
  (0.102) (0.239) (1.512) 
Living in Purpose built 
flats  
- 0.277 0.329 - 
  (0.185) (0.282)  
Living in converted 
flats  
2.308 - - - 
 (2.555)    
Living in End-terraced 
houses 
- - 0.163* - 
   (0.138)  
Dwelling owned 
outright 
2.131 2.761* - - 
 (1.150) (1.418)   
Dwelling rented from 
local authorities 
0.316 - - - 
 (0.335)    
Couple CH: couples with children / Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
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Table A. 30.Logistics regression models of transition to Couple with children households in the next 6, 7, 8, and 9 years 
(Part3) 
  (Year 6) (Year 7) (Year 8) (Year 9) 
  Couple CH6 Couple CH7 Couple CH8 Couple 
CH9 
Socio
-eco
n
o
m
ic cla
ss v
a
riables
 
Higher-grade 
professionals  
3.611** 1.891* 3.669** 3.448* 
 (1.545) (0.587) (1.707) (1.827) 
Lower-grade 
professionals  
4.497*** - 2.050 1.863 
 (1.994)  (0.834) (0.869) 
Routine non-
manual employees 
2.892 1.644 - - 
 (1.631) (0.799)   
Small proprietors 
with employees 
0.515 - - - 
 (0.494)    
Small proprietors 
without employees 
2.661 0.506 0.369 0.406 
 (1.729) (0.288) (0.243) (0.318) 
Skilled manual 
workers 
- 0.227* 0.418 0.178 
  (0.147) (0.309) (0.169) 
Semi-unskilled 
manual workers 
3.660 1.869 - - 
 (2.470) (1.109)   
Incom
e related 
v
a
riables
 
On benefit  2.678** 3.644*** 2.702** 2.398* 
 (0.890) (1.159) (0.986) (0.999) 
Square root of 
annual benefit 
income  
1.013** 1.013** 1.023*** 1.028*** 
 (0.00433) (0.00397) (0.00517) (0.00634) 
Working full-time 2.312* 2.881** 1.725 1.256 
 (0.847) (0.963) (0.606) (0.522) 
 McFadden’s R2  0.285 0.257 0.22 0.184 
 Type of model Fixed effects Fixed effects Fixed effects Fixed 
effects 
 Sample size 780  777   659 580 
Couple CH: couples with children / Note: standard errors in parentheses  
*Significance at the 95% level     **Significance at the 99% level  
 
  460                                                                     Appendix 
 
 
 
 
Figure A. 55.The unity canvas tab (left) and rect transform tab (right) 
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Figure A. 56.Unity UI Button tab (left) and its script on the right 
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